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Resume: L'objectif principal de cette thése était de
déterminer comment les caractéristiques
hydropédologiques interagissent avec la dynamique
DOC de ces écosystemes de bassin versant. Nous
avons acquis une compréhension générale des
caractéristiques hydropédologiques des bassins
versants grace & l'utilisation d'un exercice de
cartographie numérique des sols pour créer des
cartes hydropédologiques des bassins versants. Les
cartes fournissent une compréhension générale des
voies d'écoulement et des zones de stockage de ces
bassins versants. Nous avons ensuite utilisé ces
cartes et des données spécifiques au site pour étudier
les caractéristiques hydropédologiques de chaque
bassin versant. Dans identifié les voies d'écoulement
dominantes de chaque groupe de sol
hydropédologique suite a un événement pluvieux.
Un certain nombre de facteurs se sont avérés
interdépendants et  déterminent les  voies
d'écoulement et la connexion entre les voies
d'écoulement. Ces facteurs sont dominés par
I'humidité antérieure du sol, [lintensité des
précipitations, la durée des périodes seches et
humides ainsi que la profondeur des profils
pédologiques. L'étude a ensuite utilisé une approche
de modélisation SWAT pour mieux comprendre les
voies d'écoulement hydropédologiques des bassins
versants. Deux séries de simulations ont été
exécutées, l'une utilisant les entrées de temps
latérales par défaut et l'autre les entrées de temps
latérales spécifiques et celles-ci ont été comparées au
débit observé. Les entrées temporelles latérales
spécifiques ont amélioré la précision de la
modélisation dans tous les parameétres statistiques
utilisés, soulignant que des informations pertinentes
sur le sol, basées sur des données fiables spécifiques
au site, sont essentielles dans la modélisation
hydrologique.

La connaissance du caractere hydropédologique des
bassins versants a ensuite été utilisée pour étudier
I'effet de différents facteurs environnementaux sur la
dynamique du COD. Les principaux facteurs
environnementaux qui influencent les concentrations
de COD dans 2 des bassins versants sélectionnés ont
été étudiés. Des échantillons d'eau ont été analysés
pour le COD et cette information couplée avec des
mesures prises de la hauteur de l'eau dans les
piézometres. Les piézométres étaient situés dans
diverses classes environnementales, y compris
différentes couvertures terrestres, différents groupes
de sols, différentes zones topographiques, ainsi que
différents profils de courbure des pentes. Les
concentrations de COD ont été identifiées pour
suivre les tendances saisonniéres des précipitations
et de la température. Une différence statistique a été
enregistrée entre les zones terrestres et les zones
humides ainsi qu'entre les sols intercalés et les sols
réactifs saturés, ce dernier groupe enregistrant les
concentrations de COD les plus élevées. L'étude a
mis en évidence l'importance des systemes de zones
humides en tant que principaux moteurs des
concentrations de COD.

Des capteurs optiques a haute fréquence ont
également été placés dans les déversoirs de deux

bassins versants et utilisés pour comprendre
Iimportance de l'influence de la connectivité
hydropédologique des bassins versants sur

I'exportation de COD. Les données ont été recueillies
sur une période détude de trois ans et la
concentration moyenne de COD par jour a été
calculée. Ces données ont été utilisées pour
comparer les concentrations de COD aux
précipitations, a la température de l'eau, a la
turbidité, a la conductivité, au carbone organique
total quotidien et au débit quotidien du débit. De
plus, le débit journalier a été calculé. L'étude a
identifié qu'il existe une dynamique variable
d'exportation de COD dans les bassins versants. La
connectivité des voies d'écoulement et la maniére
dont celles-ci influencent les flux de COD sont
importantes.
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Abstract : Little work has been conducted on the
influence of the hydrological connectivity of
catchment flow paths and how these impact the
storage and export of DOC in mountain catchments.
We therefore utilized 3 research catchments within
the uKhahlamba-Drakensberg Mountain range of
South Africa to conduct this study to enhance our
knowledge of these important headwater catchment
areas and how they influence downstream locations.
The main aim of this thesis was to determine how the
hydropedological characteristics interact with the
DOC dynamics of these catchment ecosystems. We
gained a general understanding of the
hydropedological characteristics of the catchments
through the use of a digital soil mapping exercise to
create hydropedological maps of the catchments.
The maps provide a general understanding of the
flow paths and storage areas of these watersheds. We
then used these maps and site-specific data to
investigate the hydropedological characteristics of
each catchment. In identified the dominant flow
paths of each hydropedological soil group following
a rainfall event. A number of factors were found to
be interrelated and determine the flow paths and the
connection between flow paths. These factors are
dominated by antecedent soil moisture, rainfall
intensity, the duration of dry and wet periods as well
as the depth of soil profiles. The study then utilised
a SWAT modelling approach to gain a deeper
understanding of the hydropedological flow paths of
the catchments. Two sets of simulations were run,
one utilising the default lateral time inputs and one
the specific lateral time inputs and these were
compared against observed streamflow. The specific
lateral time inputs improved modelling accuracy in
all statistical parameters used, highlighting that
relevant soil information, based on reliable site-
specific data, is essential in hydrological modelling.

The knowledge of the hydropedological character of
the catchments was then used to study the effect of
different environmental factors on the dynamics of
DOC. The main environmental factors that influence
DOC concentrations in 2 of the selected catchments
were investigated. Water samples were analysed for
DOC and this information coupled with
measurements taken of the height of the water within
piezometers. Piezometers were located within
various environmental classes including different
land covers, different soil groups, different
topographical areas, as well as different slope
curvature profiles. DOC concentrations were
identified to follow seasonal trends of rainfall and
temperature. A statistical difference was recorded
between terrestrial and wetland areas as well as
between interflow soils and saturated responsive
soils, with the latter group recording the higher DOC
concentrations. The study highlighted the
importance of wetland systems as major drivers in
DOC concentrations. High frequency optical sensors
were also placed in the weirs of two catchments and
used to gain an understanding of the importance of
the influence of the hydropedological connectivity of
catchment areas on DOC export. Data was collected
for a three-year study period and the average DOC
concentration per day was calculated. This data was
used to compare DOC concentrations against the
rainfall, water temperature, turbidity, conductivity,
daily total organic carbon and daily streamflow
discharge. Furthermore, the daily flux rate was
calculated. The study identified that there are
variable DOC export dynamics within the catchment
areas. Of importance is the connectivity of flow
paths and how these influence the fluxes of DOC.
This thesis identified a variety of factors that
influence DOC storage and export on a catchment
scale. It highlights the importance of understanding
the hydropedological characteristics of a watershed
for both improving our knowledge on the streamflow
aspects as well as understanding the DOC dynamics
and how these affect the overall carbon budget of a
system.
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ABSTRACT

Mountain catchments are vital sources of freshwater for both national and local economies as
well as for ecosystems and ecosystem services. They provide several ecohydrological services
to downstream locations, including the ecological and physical processes that control the
partitioning and routing of rainfall into evaporation, infiltration, transpiration, recharge, and

runoff. The characteristics of the soils of these catchments form the basis of these services.

One of the important components of addressing challenges related to water resource
management within these mountain areas is understanding the interaction between carbon
dynamics, water resources and the soil profile. The understanding of the movement of soil
carbon into water resources has gained considerable interest in recent years. However, despite
the numerous research on the dynamics of dissolved organic carbon (DOC) from watersheds,
particularly within the northern hemisphere, little work has been conducted on the influence of
the hydrological connectivity of catchment flow paths and how these impact the storage and
export of DOC. In particular montane grassland dominated catchments, and those in South
Africa, have often been overlooked within research associated with the sources and dynamics
of DOC. We therefore utilised three research catchments within the uKhahlamba-Drakensberg
Mountain range of South Africa to conduct this study in order to enhance our knowledge of

these important headwater catchment areas and how they influence downstream locations.

The main aim of this thesis was to determine how the hydropedological characteristics interact
with the DOC dynamics of these catchment ecosystems. The first aim of the thesis was to gain
a general understanding of the hydropedological characteristics of the catchments through the
use of a digital soil mapping exercise. Both a rules-based approach as well as a validation
exercise were utilised within the ArcSIE (Soil Inference Engine) software to create
hydropedological maps of the catchments. The hydropedological soil maps, classified the three
catchment areas into four different hydropedological soil groups based on the South African
hydropedology classifications. These included the shallow recharge soils, deep recharge soils,
interflow soils, and saturated responsive soils. The maps produced from the digital soil
mapping exercise show the optimal relationship between the soils and the landform. However,
through the use of the Kappa coefficient, it was identified that there are some discrepancies
between the hydropedological soil maps created and the site-specific soils identified within the



catchment areas. The maps, however, provide a general understanding of the flow paths and
storage areas of these watersheds. Of importance is that the accuracies and inaccuracies within

the maps can be quantified, allowing for a confidence rating in their use.

Utilising the hydropedological soil maps coupled with catchment specific climate and
streamflow data, water table depth measurements as well as an understanding of how historic
and current land management practices have influenced the soil properties, this study
investigated the hydropedological characteristics of each catchment. In particular the research
identified the dominant flow paths of each hydropedological soil group following a rainfall
event. A number of factors were found to be interrelated and these play a key role in
determining the flow paths and the connection between flow paths in these areas. These factors
are dominated by antecedent soil moisture, rainfall intensity, the duration of dry and wet
periods as well as the depth of soil profiles. Furthermore, the dominant role of wetland systems
and how these have drying, and wetting cycles are the key focus in understanding the
connectivity between the hydropedological flow paths, and the contribution of soil water to the
stream networks of the three catchments.

The study was then expanded to gain a deeper understanding of the hydropedological flow
paths of the catchments through the use of a SWAT modelling approach. Two sets of SWAT+
models were set up for each catchment. The default lateral time, which is the measure of the
time required for water to flow through the catchment before being discharged into the stream,
was used in the first set up. Specific lateral time inputs were utilised in the second model set
up and the results compared against observed streamflow. The specific lateral time inputs were
based on measured hydraulic properties of the soils and the formation of a hydrograph for CP-
VI, coupled with the location of hydrological response units within hydropedological soil maps
created for each catchment. The specific lateral time inputs improved modelling accuracy in
all statistical parameters used, R2, PBIAS, ST DEV, NSE and KGE. This study highlighted that
relevant soil information, based on reliable site-specific data, is essential in hydrological
modelling. Soil information should therefore be coupled with ecological information such as
the effects of fire, vegetation as well as rates of evapotranspiration on hydrological modelling

accuracy. These aspects have been shown to all be interrelated.

Through these studies we gained a deeper understanding of the hydropedological

characteristics and how this has an impact on the flow dynamics of the catchments. This
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knowledge was then transferred to studying the effect of different environmental factors on the
dynamics of DOC. The principle environmental factors that influence DOC concentrations in
two of the selected catchments (CP-VI and CP-1X) were investigated. Water samples taken
every month between September 2019 and June 2021 from the piezometers installed in the two
catchments were analysed for DOC. This information was coupled with measurements taken
of the height of the water within the piezometer. This height measurement was calculated from
the surface of the soil to the depth of the water table. Piezometers were located within various
environmental classes including different land covers (wetland and terrestrial), different soil
groups (saturated responsive soils and interflow soils), different topographical areas of the
catchments (upper, mid, and lower positions), as well as different slope curvature profiles
(convex and concave slopes). DOC concentrations were identified to follow seasonal trends of
rainfall as well as temperature variations in the catchment areas. A statistical difference (using
the Kruskal Wallis method) was recorded between terrestrial and wetland areas as well as
between interflow soils and saturated responsive soils, with the latter group recording the
higher DOC concentrations in both catchment areas. The research identified that the position
of piezometers within different topographical positions of the catchment areas as well as
different slope curvatures did not produce significant results. The study did however highlight
the importance of wetland systems as major drivers in DOC concentrations. The connectivity
of the wetlands to the streams within both catchments plays a role in the attenuation and export
of DOC within these watersheds.

DOC concentration variability is closely linked to distinct DOC source zones in catchments
and their hydrologic connectivity to the stream network. High frequency optical sensors placed
in the weirs of CP-VI and CP-IX were used to gain a deeper understanding of the importance
of the influence of the hydropedological connectivity of catchment areas, and in particular the
wetland systems, on DOC export. Data was collected every 15 minutes for a three-year study
period from the 1% of July 2019 to the 28" of June 2022. The average DOC concentration per
day was calculated from this data set. This data was used to compare DOC concentrations
against the daily rainfall, daily average water temperature, daily average turbidity, daily
average conductivity, daily average total organic carbon and daily streamflow discharge for the
study period. Furthermore, the daily flux rate was calculated utilising the average daily DOC
concentration and the daily streamflow measurements recorded at each catchment’s individual
weir. The study identified that there are variable DOC export dynamics within the catchment

areas. There is a seasonal variability of DOC concentrations and flux rates with these being
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generally lower in dryer seasons (autumn and winter) and higher in wetter seasons (spring and
summer). The study furthermore identified the importance of the connectivity of flow paths
and how these influence the fluxes of DOC. Connected flow paths between upslope wetland
areas and the stream network increase DOC export from the catchment areas. The
hydropedological influence of the soil groups and how these interact with each other at various
timescales including seasonal flow paths as well as event flow paths affects the flow of DOC
within the stream networks. The impact of rainfall events on the export of DOC was
furthermore investigated. Storm events move large quantities of DOC however, this is
dependent on the antecedent soil moisture conditions before the event and the connection of
soil water flow paths. Rainfall events which occur once the wetlands are saturated, following
a dry period flow more as overland flow or shallow subsurface flow and can therefore access
available DOC and export this to the stream network. Longer rainfall events, as well as events
which take place in very wet conditions, however, have a decrease in DOC concentration with
time, following the initial increase, and this may be attributed to a dilution effect of DOC in

the soil water that is exported from the catchments.

Given the importance of these mountainous watersheds to the ecohydrological services of
downstream ecosystems, long term data gathered within the catchments on the hydrologic
pathways and DOC concentrations has the potential to allow for future studies to determine the
impact of the ever-changing climatic influence on the dynamics within these catchment areas.
These climatic changes will affect flow paths as well as the DOC export, and this has
implications of downstream ecosystems. This thesis provides valuable insight into the
interactions of DOC and hydropedology in these Afromontane areas. It identifies a variety of
factors that influence DOC storage and export on a catchment scale. The results highlight the
importance of understanding the hydropedological characteristics of a watershed for both
improving our knowledge on the streamflow aspects as well as understanding the DOC

dynamics and how these affect the overall carbon budget of a system.
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Chapter 1

CHAPTER 1 - GENERAL INTRODUCTION

1.1. BACKGROUND AND RATIONALE FOR THE STUDY

Mountain catchments are vital sources of freshwater for both national and local economies as
well as for ecosystems and ecosystem services. They provide several ecohydrological services
to downstream locations, including the ecological and physical processes that control the
partitioning and routing of precipitation into evaporation, infiltration, transpiration, recharge,
and runoff. The characteristics of the soils of these catchments form the basis of these services.
This is because soil and water are the fundamental elements in understanding the hydrological
response of the catchments within these mountains (Brooks and Vivoni, 2015, Taylor et al.
2016).

In order to improve management of the ecohydrological services of mountain catchments it is
vital that we gain a deeper understanding of the interactions between soil and water in these
areas. One of the aspects of addressing challenges related to water resource management is
understanding the interaction between carbon dynamics, water resources and the soil profile.
A number of studies have highlighted the importance of small mountain streams in the global
carbon cycle and the effect these streams have on downgradient locations ((Milliman and
Syvitski, 1992, Turowski et al. 2016).

Despite the numerous studies conducted, there is a paucity of research focusing on the
relationship between the hydrology of hillslopes, wetlands and headwater streams located in
montane areas in general. Controls on carbon losses at the catchment scale are furthermore
poorly understood, and yet carbon fluxes may have important consequences for both terrestrial
and aquatic ecosystem functions. This is pertinent as managing ecosystems and habitats that
act as critical natural carbon sinks, ensure that they retain as much of the carbon trapped in the
system as possible. This is becoming an important mitigation against the effects of climate
change (Read et al., 2001). Resolving carbon budgets from the small watershed scale to the
global scale is essential to obtain better estimates of the amount of organic carbon exported

from terrestrial sources to streams and rivers (Hope et al., 1997).
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The variations in hydrologic flow paths within catchment areas have often been overlooked as
a variable that could influence carbon cycling. Hydropedological pathways are a major source
of carbon in the receiving environment, with these pathways being dependent on the connection
of flow paths within catchment areas.

DOC influence on stream chemistry is dependent on flow paths, and it has been shown that
stream DOC is similar to concentrations found in soil- water from deeper soil horizons despite
high concentrations observed in leachate from surface soil (McDowell and Wood, 1984).
However, organic-rich surface soils and wetlands have been shown to contribute substantially
to stream DOC when hydrologic conditions ensure connectivity of these important DOC
sources to their receiving waterways (Morel et al., 2009; Pacific et al., 2010). Changes in the
quantity and composition of DOC exported from soils can strongly affect the receiving aquatic
ecosystems, by changing their metabolism, light regime, and by modulating the activity of
other chemicals and biological processes (Stanley et al., 2012). This necessitates prudent

management options to mitigate the undesirable effects of DOC on aquatic life.

In South Africa, the majority of soil organic carbon studies (SOC) are limited to the impact of
erosion on the transport and release of SOC in catchments (Chaplot and Poesen., 2012). The
available literature suggests that the release of SOC is mostly influenced by biochemical,
hydrological processes and properties of the landscape. Various laboratory experiments on the
influence of biochemical processes on SOC have revealed that the C:N ratio, high microbial
activity, the increase in phosphorus contents and pH all increase the SOC concentrations and
fluxes. However, increases in the clay content, Fe-Al oxides/hydroxides and divalent cations
have the opposite effect. These results suggest that landscape scale environmental controls may
be more important than biochemical factors in the release of SOC from terrestrial to aquatic
environments as DOC (Lin, 2012). Land-use and land-use change may therefore be critical

factors influencing carbon concentrations and fluxes.

It is therefore important to understand how, when and where DOC concentrations and fluxes
are amplified at the catchment scale. The factors influencing the solubility of organic carbon
as well as its sources and pathways need to be identified, characterised, and quantified. This is
particularly so in montane ecosystems, so that we can understand how these headwater

catchments will influence downgradient environments. The understanding of these soil, water,
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carbon dynamics can be utilised to predict the impact of land-use and climate change on organic

carbon dynamics.

1.2. AIMS AND OBJECTIVES

The main aim of this study was to investigate how the hydropedological characteristics of soils
interact with and move DOC within and out of a catchment area. To achieve this main aim, the
first part of the thesis focuses on gaining an understanding of how the hydropedological
characteristics of a catchment area influence the water dynamics and flow paths. This is
fundamental to understanding how DOC is stored and moved in the catchment areas. The
storage and movement of DOC is then studied in the latter part of the thesis. The following
objectives are therefore investigated within this thesis:
1. Identify the hydropedological characteristics of the three catchments, subjected to
different land-use, in the Cathedral Peak experimental research site (Chapter 4).
2. Characterise the hydropedological behaviour of the soils and hillslopes in these
catchments (Chapter 5).
3. Determine the importance of the hydropedological behaviour of the soils on the
streamflow dynamics of the catchment areas (Chapter 6).
4. Establish the principle environmental factors that influence DOC concentrations in the
catchment areas (Chapter 7).
5. Determine the influence of the hydropedological characteristics on DOC movement at
a catchment scale. (Is carbon storage and export in a catchment dependent on flow paths

from wetland systems?) (Chapter 8).

1.3. ARRANGEMENT OF THESIS

This thesis consists of nine chapters, of which five chapters (Chapters 4 — 8) are prepared for
publication in peer-reviewed journals. Each research paper consists of a literature review
related to the aim, a methodology, results, discussion, conclusions, and references of that paper.
These papers have been reformatted to ensure continuity in this thesis. As a result of the
inclusion of 5 research papers, some repetition was unavoidable. A study site description is
however included in Chapter 3, so that this information is not repeated throughout the thesis.
The first three experimental chapters (Chapters 4, 5, and 6) focus on understanding the

hydropedological characteristics of the catchment areas, while the subsequent two

3
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experimental chapters (Chapters 7 and 8) focus on DOC and how environmental factors and
the hydropedological characteristics of the catchments interact with this element. Finally, the
thesis has a concluding chapter (Chapter 9) that summarizes the various components of this

study.
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CHAPTER 2 - LITERATURE REVIEW

2.1. INTRODUCTION

The provision of hydrologic ecosystem services is critical for both human well-being and
environmental sustainability (Feger and Hawtree, 2013). Water resources are under growing
pressure as the global population rises, and the natural supply, in the form of rainfall, is
becoming increasingly variable and uncertain with climate change (Trenberth et al. 2003,
Giorgi et al. 2004). Improving and protecting water quality, both for human needs and to
sustain aquatic ecosystems is a major challenge (Stanley et al. 2012). Subsequently it is
essential that water resources are managed sustainably in terms of both their quantity and
quality (Bilotta et al. 2012). A key component in addressing current and future challenges in
water resource management is the development of a comprehensive understanding of the
complex relationships between soil properties, land use and management, and the hydrological

cycle (Feger and Hawtree, 2013).

One of the important components of addressing challenges related to water resource
management is understanding the interaction between carbon dynamics, water resources and
the soil profile. The understanding of the movement of soil carbon into water resources has
gained considerable interest in recent years. This is particularly so in understanding the major
routes for the transport of soil organic carbon (SOC) as well as identifying the sources and flow
mechanisms responsible for SOC to become organic carbon, and in particular dissolved organic
carbon (DOC) in watercourses (Kahmen et al. 2005, Smith, 2014, Zhang et al. 2015, Wei et al.
2016).

In montane ecosystems this is of particular relevance as the headwater stream networks that
make up montane catchments are a notable component of the global carbon cycle (Tranvik et
al. 2009, Jaffe et al. 2012,) Small mountainous streams are of importance in the export of
carbon as, although individually they transport relatively small amounts of sediment, together,
their combined loads can contribute to over half the global river sediment flux (Milliman and
Syvitski, 1992). They therefore represent a crucial linkage between land and oceans in the
global carbon cycle (Aufdendkampe et al. 2011). Despite the significant importance of the
movement of organic carbon in aquatic ecosystems, the processes controlling DOC delivery to
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stream waters at the catchment scale are still poorly understood and warrant further
investigation (Laudon et al. 2011).

2.2. SOILS AS SOURCES OR SINKS OF CARBON

Soil carbon is recognised as the largest store of terrestrial carbon (Batjes, 1996, Ontl and
Schulte, 2012). There is substantially more carbon stored in the world’s soils than is present in
the atmosphere. The global soil carbon pool to one-meter depth, was estimated at 2500 Pg C
in 2017, of which about 1500 Pg C is SOC. This is about 3.2 times the size of the atmospheric
pool and 4 times that of the biotic pool (Lal, 2010, Zomer et al. 2017) (Figure 1).

m Soil

\\\\\\\\

E Atmosphere

Figure 2.1: Relative size of the active terrestrial carbon pools. Note the size of the soil carbon
pool relative to the biological and atmospheric pools, demonstrating the importance of soils in
the carbon cycle (Lal, 2010).

Soil carbon storage is a vital ecosystem service, resulting from interactions of ecological
processes. SOC levels are directly related to the amount of organic matter contained in soil.
Soil organic matter (SOM) is a key component of soil that affects its physical, chemical, and
biological properties, contributing meaningfully to its proper functioning. Physically, SOM
improves aggregation of soil particles resulting in soil structure that allows for improved air
and water movement. Chemically, SOM increases the cation exchange capacity, thus
improving retention of nutrients. Additionally, organic-bound nitrogen, phosphorus and
sulphur are associated with organic carbon, and upon their decomposition, provide a slow
release of nutrients for plant production. SOC, furthermore, provides binding sites for

7
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chemicals and other trace elements, often anthropogenically introduced, thus lowering leaching
of hazardous chemicals through the soil profile. Biologically, SOM is the source of carbon and
energy for most microorganisms and fauna. Increased SOM increases the biomass and diversity
of the soil biota (Rice, 2005; Ontl and Schulte, 2012).

Depending upon management, biomass input levels, micro-climatic conditions, and bioclimatic
change soils can act as both sources and sinks of carbon (Zomer et al. 2017). Soil carbon
sequestration is a process in which carbon is removed from the atmosphere and stored in the
soil carbon pool. This process is primarily mediated by plants through photosynthesis, with
carbon stored in the form of SOC (Ontl and Schulte, 2012). Soils act as carbon and greenhouse
gas (methane (CHa) and nitrogen dioxide (N20) sinks. This is affected by climate, land use, soil
properties as well as nitrogen inputs (Lal, 2019). Examples of this are shown by Mureva et al.
(2018) in which soil bulk density and clay content mediate the magnitude and direction of
change in SOC. In some grasslands encroached by woody species, SOC was shown to decrease
as the soil bulk density increased, while SOC accumulated with increasing clay content.
Furthermore soils with greater clay and silt fractions usually have higher carbon concentrations
and stocks than those with greater sand fractions (Follett et al. 2012, Cao et al. 2013). This is
thought to be as a result of organic materials being preferentially decayed from soils with coarse
particles, while carbon decomposition products tend to accumulate in finer clay and silt
particles (Amelung et al., 1998). Moreover, it has been suggested that clay and silt physically
protect organic materials from decomposition and promote the accumulation of recalcitrant

material in the fine particle-size fractions of soils (Hassink, 1997, Zhao et al., 2006).

Soils can also act as sources of carbon in the form of greenhouse gases. Various processes lead
to greenhouse gas emissions from soil and litter to the atmosphere. Raich and Tufekcioglu
(2000) concluded that the flux of carbon from soils to the atmosphere occurs primarily in the
form of carbon dioxide (COz2), which is the result of soil respiration and constitutes the largest
terrestrial source of CO> to the atmosphere. The production of CO> in non-calcareous soils
originates almost entirely from autotrophic (respiration from root, mycorrhizal fungi and
microbes living on exudates) and heterotrophic respiration (the respiration of heterotrophic
microorganisms decomposing SOM) (Hogberg et al. 2001), with the relative contribution from
each respiration component largely varying from 10 to 90% of the total soil respiration (Hanson
et al. 2000).
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A number of factors lead to the contribution of soil as either a source or a sink of SOC. A
particular emphasis has been placed on the influence of climate on particular soil properties
such as soil and air temperature, rate and type of erosion, weathering rates, desertification of
soils as well as changes to salinity levels. More indirect impacts of climate include changes to
soil health and soil formation as well as changes to the effects of net primary productivity,
hydrological cycles, and energy balance. These impacts have an effect on the soil-gas fluxes of

greenhouse gases such as CO2 and CH4 (Lal and Stewart, 2018).

In studies conducted by Lal (2003 and 2010), the vice versa was also found to be the case, with
soils having an impact on climate. This was due to the soils effect on the moderation of the
atmospheric chemistry by cycling of water, carbon, nitrogen, phosphorus and sulphur and
changes in vapour pressure of water through a soil moisture regime. Soil was found to moderate
climates at the micro, meso, and macro scales, and over short and long time periods and this

has important consequences on the rising atmospheric CO; levels.

The principal soil properties that affect climate, are the same as those that also affect soil health.
These are physical (clay content and mineralogy, structure, plant available water, infiltration
rate, colour, albedo, bulk density), chemical (acidity, charge properties, nutrient reserves and
dynamics, elemental balance), biological (SOC concentration and attributes, microbial biomass
carbon, respiration quotient, enzyme activity, species diversity), and ecological (erosion,
decomposition, leaching, compaction, aeration, energy balance, water balance). The relative
importance of these properties and processes varies among ecoregions around the globe (Lal
and Stewart, 2018).

Studies have shown that the extent of soil quality, SOC and nitrogen stocks varies with
vegetation type, climate, soil type, management practice, and land use history (Lemenih and
Itanna, 2004) with these all having an impact on the production or sequestration of carbon
within a catchment area. Despite its importance for aquatic ecosystem function and watershed
carbon budgets, little is known about how land management influences SOC export (Dalzell et
al., 2011). Soil carbon sequestration is a critical ecosystem service of grasslands (Stanley et al.,
2018).Despite this, land management activities rarely incorporate SOC as a major management
criterion (Stanley et al., 2012).
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Land management practises can alter both SOC amount and composition via changes in soil
organic matter pool, hydrological flow paths and aquatic microbial processing (Dalzell et al.,
2011; Stanley et al., 2012). It has been shown that in natural landscapes, CO2 sequestered by
plants is partly converted to DOC through leaching and decomposition, then transported into
rivers within a few years. In modified landscapes, the uptake of the new carbon can be reduced
by deforestation and urbanization, whilst drainage and disturbance of soil exposes carbon that
has been stored for hundreds or thousands of years to decomposition and leaching (Evans et
al., 2016).

2.3. CARBON WITHIN THE STREAM NETWORKS OF CATCHMENT AREAS

The delivery of allochthonous inputs of organic carbon, from carbon pools in headwater
watersheds to stream ecosystems is widely accepted as an important process (Mei et al. 2012).
Carbon is transported continuously by rivers as organic carbon as well as inorganic carbon that
functions in weathering reactions (Maybeck, 1993). Hydrology therefore strongly affects
carbon export from terrestrial to aquatic ecosystems by impacting redox biogeochemistry and
water flow paths through organic rich soil horizons which are typical carbon sources (Kawasaki
et al. 2008).

Carbon can be moved within the stream network of a catchment as either particulate organic
carbon (POC), dissolved organic carbon (DOC) or as dissolved inorganic carbon (DIC) that
functions in weathering reactions (Maybeck 1993). POC comes from a variety of sources in
river ecosystems. It is biologically and chemically active and is part of the labile pool of SOM,
as particulate organic matter (POM). POM is one of the most easily decomposable fractions of
non-living SOM after microbial biomass. It fulfils many soil functions mediated by organic
matter. It is a source of food/energy for microorganisms and soil animals as well as nutrients
for plant growth. It furthermore enhances aggregate stability, water infiltration and soil
aeration; it increases cation exchange capacity and buffering pH. It also binds environmental
pollutants such as heavy metals and pesticides (Dodd and Whiles, 2010; Bauer and Bianchi,
2011). POM is transported to watercourses where it is then considered as POC. POC is organic
particles which fall within the size range of >0.45 to <1000 pum that are either suspended in the
water column or deposited within lotic habitats. Suspended POC functions as an important food
resource for many filter-feeding animals and represents a major pathway of organic matter
export downstream (Dodds and Whiles, 2010).
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The total inorganic carbon concentration (DIC) in fresh water depends on the pH, which is
governed largely by the buffering reactions of carbonic acid and the amount of bicarbonate and
carbonate derived from the weathering of rocks. Carbonates exist as a number of polymorphic
and hydrated forms. The most important carbonate of aquatic systems is Calcium carbonate
(CaCO3), which occurs in natural waters principally as calcite. The solubility of CO increases
markedly in water that contains carbonate. A definite amount of free CO2 will remain in
solution after equilibrium is reached between calcium, bicarbonate, carbonate, and

undissociated calcium carbonate (Wetzel, 2001).

The quantity of organic carbon in watercourses is dominated by DOC (Wetzel, 1992) and this
constituent is the primary carbon focus of this thesis. DOC is an important component of
solutions in terrestrial and aquatic ecosystems through its influence on acidity and mobility of
nutrients and contaminants (Hagedorn et al. 2000). This is due to DOC being an important
water quality constituent (McGlynn and McDonnell, 2003). One of the most common causes
of water quality impairment is the excessive levels of DOC, which can have a range of
detrimental effects on water resources, from making a significant contribution to the acidity of
natural waters through formation of organic acids and affecting biological activity through light
adsorption. DOC can also influence nutrient availability through the formation of organic
complexes, and control the solubility, transport, and toxicity of metals. In combination, these
alterations to water quality can lead to undesirable effects on human health. For example, DOC
has been found to be a major precursor in the formation of carcinogenic and mutagenic
disinfection by-products (Chow et al., 2007). It has also been linked to the transport and

reactivity of toxic substances such as mercury (Aiken et al., 2011).

Despite the significant importance of DOC in aquatic ecosystems, the processes controlling
DOC delivery to stream waters at the catchment scale are still poorly understood (Laudon et
al. 2011). Inland water bodies are active, changing, and important regulators of the carbon cycle
(Tranvik et al. 2009). In particular the importance of small mountain streams as a major
contributor to the spatial distribution patterns of organic carbon is a fundamental factor in the

global carbon cycle (Turowski et al. 2016).

One of the most consistent relationships with DOC concentrations in streams has been found
with the flow dynamics of catchment areas. Studies have shown correlations between DOC

concentrations identified in the headwater catchment areas and the streamflow (Dawson et al.
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2002, Billett et al. 2006), thus identifying that both biological and hydrological processes
operating within the catchment area affect the DOC concentrations (Roig-Planasdemunt et al.
2017).

To better explore carbon cycling in the freshwater ecosystems of mountainous catchments and
understand the fate of the main organic components, it is important to first understand the

factors that regulate water flow paths within these catchment areas.

2.4. HYDROPEDOLOGY AND SOIL FLOW PATHS

It has long been recognised that the role of soils is critical to how catchments store and release
water. This is due to the influence that soil characteristics have on the storage and transfer rates
of precipitation through catchment areas, with this store and release capacity attributed to the
different physical properties of the various soil types located within these areas (Geris and
Tetzlaff, 2015).

Soil forming factors are diverse and include 1) materials (e.g., parent materials, organic matter),
2) climate (e.g., wetting-drying, freezing-thawing), 3) biology (e.g., plant roots, soil fauna), 4)
human activities (e.g., tillage, fertilization), and 5) time (e.g., biological timescale, geological
timescale). This creates a soil architecture that is highly heterogeneous in different soils and

this results in varied soil hydraulic properties (Ma et al., 2017).

Hydropedology combines the study of these different arrangements of soils as well as the
interactive processes between the pedologic and hydrologic properties of the vadose zone. It
further aims to provide a holistic understanding of the interactions between the pedosphere and
the hydrosphere (Ma et al., 2017). The hydropedological characteristics of a catchment play a
crucial role in both runoff generation as well as the hydrologic connectivity between hillslopes
and streams (Geris and Tetzlaff, 2015).

Jarvis et al (2012) showed that soils and in particular spatial patterns of preferential flow at the
landscape scale are far from being completely random. They instead show a clear deterministic
component because recognisable diagnostic soil horizons, soil materials, and pedons tend to
display characteristic flow and transport patterns. Soil water processes can therefore be

described in terms of content (volumetric or gravitational), potential (matric, osmotic, and
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gravitational potentials) and movement (subsurface flows in quantity or in speed). All of these
descriptions are variable in time and space, yet their range is generally restricted based on
location and time (Zhu et al. 2018). They are important controls on the various biological,
physical and chemical processes in the earth's critical zone (Ma et al. 2017).

As a result of these clear soil patterns, a landscape can be divided into two broad hydrologic
zones: 1) recharge zone and 2) discharge zone (Heath, 1980). The recharge zone is
characterized by a downward movement of water from soil surface (unsaturated) to
groundwater (saturated). In the discharge zone, water moves from groundwater toward the
surface. A flow through zone may also occur on some landscapes where groundwater reaches
the surface, but the flow lines are essentially parallel to the ground surface. As water moves it
carries with its dissolved constituents such as nutrients, dissolved organic matter, and reduced
Fe and Mn (Lindbo and Richardson, 2000, Rhoton et al. 2002).

Further research into the dynamics of hydropedology, particularly within South Africa has
shown that the soils and placement of soils within a landscape are not randomly distributed but
can be further grouped into hydropedological soil types. These include recharge soils, interflow
soils, responsive soils, and stagnating soils. These groups of soils convey water differently and
thus have different hydropedological behaviour (van Tol and Le Roux, 2019). This has
implications on not only water movement within a catchment but on the soil biogeochemistry

of a catchment as well.

2.5. HYDROPEDOLOGY AND CARBON DYNAMICS IN SOILS

Soil water dynamics not only affect flow and transport within soils, they also influence the
cycling of soil organic matter as well as the export of carbon (Vogel et al. 2013).
Hydropedology interacts with soil biogeochemistry in many complex ways, often relating to
the spatial and temporal variation in water, nutrients, and carbon (Castellano et al. 2012). In
spatial dimensions, soil properties, ranging from the microscopic to the megascopic levels,
exert an important control on hydrologic processes and biogeochemical dynamics. In temporal
dimensions, both short-term soil functioning processes and long-term soil pedogenic processes
are impacted by hydrologic processes, and vice versa (Lin, 2012). Therefore, understanding
the role of soils in both the water cycle, as well as the cycles of greenhouse gases requires

including not only the surface horizons of soils, but the full depth to the groundwater table,
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including the unsaturated (vadose) and the saturated zone (in hydrological terms) (Ma et al.
2017).

Earth’s biogeochemistry is largely controlled by cycles of oxidation—reduction (redox)
reactions. Organisms use redox reactions to derive energy by transferring electrons from a
reduced chemical species (electron donor) to an oxidized chemical species (electron acceptor).
In the soil, the rate and chemical pathways of these biogeochemical reactions are indirectly,
but tightly linked to the interacting forces of water and soil structure (Dayo-Olagbende et al.
2020).

One of the major soil - water resources that are utilised for their ecosystem services are wetland
systems. Wetlands offer many ecosystem services to humankind, including water quality
improvement, flood mitigation, coastal protection, and wildlife protection (Mitsch and
Gosselink, 2007). Wetlands are the products of the erosional and depositional processes, as
well as the presence of geological influences controlled by the variable environment. It is
furthermore estimated that 20-30 % of the Earth’s soil pool of carbon (Lal, 2003) is stored in
wetlands (Roulet 2000, Bridgham et al. 2006), although wetlands comprise only about 5-8 %
of the terrestrial land surface (Mitsch and Gosselink 2007).

The various wetland types as well as their respective drying and wetting cycles play different
roles in how water flows through a catchment area. For example, hillslope seep wetlands
located on gently to steeply sloping terrain and dominated by colluvial, unidirectional
movement of water and material down-slope, are fundamental units of the hydrologic
landscape in which water inputs are primarily via subsurface flows from an up-slope direction
(Ollis et al., 2013). Water movement through seeps is therefore mainly in the form of interflow
(Kotze et al., 2007). Valley bottom wetlands on the other hand are located in more of a
depositional zone, with water inputs both as surface and subsurface flow. Water movement
through these systems can be both as interflow and overland or shallow subsurface flow (Ollis
et al., 2013) When hydrological movement through wetlands is generally via interflow, the
attenuation of water within the landscape is higher. This attenuation of water allows for the
settling out, or filtration of sediment, SOC as well as other minerals. This trapping of carbon
within the landscape could allow wetlands to contribute as a carbon sink (Kotze et al., 2007).
When wetland systems, in particular valley bottom wetlands, are however saturated these

contribute more to hydrological flow as overland flow, limiting their attenuation potential
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(Tunaley et al. 2016). The wetland systems can therefore contribute as a carbon source, adding

additional variations to the debate on catchment and carbon dynamics.

Overland flow, interflow, and soil erosion, which commonly occur during natural rainfall
events, are three major routes for the lateral transport of SOC from soils to aquatic ecosystems
(Hua et al, 2016). The contribution of wetlands to the carbon balance can therefore be an
important component within catchments. In recent years there has been considerable interest
in identifying the sources and flow mechanisms responsible for DOC within watersheds
(Inamdar and Mitchell, 2006).

Phillips and Beeri, (2017) conducted research regarding greenhouse gas emissions from
wetland landscapes and identified that CH4 and CO> fluxes were highly variable across spatial
patterns associated with hydropedologic zones. Soil moisture and temperature were significant
covariates for both CH4 and CO> fluxes. CH4 emissions were highest in deep wetlands, with a
reduction in CH4 emissions with distance from water. Therefore, soils were sources of CHs in
wetland systems but CHys sinks in the drier upslope environments. Variations in CO2 emissions
were likely contributed by variations in plant respiration in the various hydropedologic-

vegetation zones.

The influence of hydropedology which affects the flow paths of a catchment provides a
conceptual and observational framework for linking soil hydrologic function to landscape
carbon cycling (D’Amore et al. 2015). Continued coupling of biogeochemistry and
hydropedology is needed to understand ecosystem processes and improve our ability to predict
the effects of new management practices and future climate on ecosystem structure and
dynamics (Field et al., 2007).

2.6. HYDROPEDOLOGY AND CARBON DYNAMICS IN MONTANE GRASSLANDS

Globally, montane grasslands and wetlands deliver a wide array of ecosystem benefits,
including flood water retention, sediment stabilisation, maintenance of stream base flows, and
habitat for unique vegetation and faunal communities. These grasslands are furthermore
important carbon sinks (Norton et al. 2011). Balancing multiple and potentially conflicting
economic, social, and conservation goals has become a central focus in the stewardship and

conservation of these ecosystems (Roche et al., 2014).
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Studies conducted by Wang et al., (2018) in China show that soil-carbon density is greater in
high altitude grasslands (6.84 + 1.23kg C m2) compared to temperate grasslands (5.22 +
0.47kg C m~2) and sub-tropical grasslands (4.02 + 0.21kg C m~2) mainly due to the lower
organic matter decomposition rate in the montane grasslands. Grassland soil carbon stocks
were found to be a function of the rate of primary production as well as the rate of organic
matter mineralisation. A correlation between mean annual precipitation and mean annual
temperature was furthermore identified as a factor in determining the carbon stocks. A positive
impact of precipitation is driven by evidence that an increase in water availability generally
promotes plant growth and thus increases the organic matter input into the soil (Wang et al.
2018). The negative impact of temperature is driven by an increase in microbial activity with

increasing temperature thereby reducing the carbon stocks (Miller et al. 2004).

This was also identified by Cao et al. (2013) where a study conducted along an altitudinal
gradient examined SOC, total nitrogen (TN), total phosphorus (TP), available nitrogen (AN),
available phosphorus (AP), and soil particle size distribution. This study revealed that SOC,
TN, TP, AN and AP stocks in the upper 30cm of soil in the higher altitude were significantly
higher (P < 0.05) when compared to lower altitudes. The study also showed that SOC exhibited
the largest spatial variability within the study site. This is due to SOC content being influenced
by many factors such as land management, precipitation, air temperature, and grassland type
(Jobbégy and Jackson 2000).

Hydropedological conditions and carbon were furthermore studied in high-elevation montane
grasslands in California (Roche et al. 2014). Results showed that the driest sites were
dominated by mineral horizons with highly decomposed organic horizons present in some
cases. Moderately wet patches were dominated by organic horizons of both moderately and
highly decomposed organic materials. Surface soil horizons in the wettest patches were
dominated by slightly to moderately decomposed organic materials, with highly decomposed
residues dominating underlying horizons. SOC, SOM, and TN generally increase with wetness
with the greatest differences between the driest and wettest patches. Furthermore, the
hydropedological behaviour of the soils which lead to wetter sites with greater SOM, SOC and

TN exhibited lower plant diversity and livestock forage quality.

An ltalian study conducted in the Andic mountains revealed that these soils have a unique set

of morphological, physical, and chemical soil properties. All soils sampled had a high organic
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carbon content (mean 3.8%), with deeper soils showing higher carbon contents than shallower
soils. This is attributed to the unique properties of the soils associated with this area, i.e., the
Andosolization process which is a major soil forming process of Andosol/Andisol soils
(Terribile, 2018).

A review of literature revealed that the majority of the studies focusing on SOC fluxes, and
particularly those conducted in mountain grasslands have been conducted in temperate regions
in the northern hemisphere, and very limited information is available for South Africa. The
paucity of information within South Africa and particularly within montane grasslands

warrants further investigation on the effects of hydropedology on landscape carbon cycling.

2.7. CONCLUSIONS

Interactions between carbon cycling, and in particular DOC, and the hydropedological
characteristics of a catchment area are an important component of the global carbon cycle
(Brooks and Vivoni, 2015). This study focuses on these interactions within the uKhahlamba-
Drakensberg escarpment, an Afromontane area of South Africa. Afromontane areas are
important as they are vital sources of freshwater and provide several ecohydrological services
to downstream locations. In South Africa they are classified as a strategic water source area

(Le Maitre et al., 2018), highlighting their importance within the country’s economy.

In order to manage the headwater catchments of these mountains, we first need to gain a deeper
understanding of the basic processes which influence both the water dynamics and DOC
storage and export within these areas. This knowledge can then be utilised to predict the future
impacts of an ever-changing climate as well as land management regimes on these vital

services.
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CHAPTER 3-STUDY SITE DESCRIPTION

3.1. STUDY SITE

This study took place within the Cathedral Peak experimental research catchment site, which
is situated in the northern part of the uKhahlamba-Drakensberg escarpment, KwaZulu-Natal,
South Africa. The uKhahlamba-Drakensberg escarpment is an erosional mountain range, with
the higher ground consisting of basaltic lavas (in areas known as the High Berg) which overlie
the Clarens sandstones (in areas known as the Little Berg) (Norman and Whitfield, 2006).

The Little Berg is furthermore made up of the Beaufort Series sandstones, as well as shales,
mudstones, and sandstones of the Molteno and Elliot Formations. It is in these geological
formations that the research catchments are situated (Nanni, 1956; Norman and Whitfield,
2006; Toucher et al., 2016).

The research catchment site is managed by Ezemvelo KZN Wildlife, while the South African
National Environment Observatory Network (SAEON) undertakes the monitoring of the
catchments. The catchments, of which there are 15, range in altitude from 1 820 m.a.s.l to 2
463 m.a.s.l. Topography varies from relatively flat to very steep (1-39°) with the aspect ranging
from north to south facing (Granger and Schulze, 1977; Gordijn et al. 2018).

These catchments fall within the summer rainfall region of South Africa. The mean annual
precipitation (MAP) for the area is approximately 1400 mm, with a gradient from 1300 mm in
the southeast to 1700 mm in the west (Schulze,1976). Precipitation events in the catchments
are dominated by thunderstorms. which fall during the spring and summer months (September
to March), with occasional snowfall received during winter (May to August). The clouds
forming these thunderstorms come from the west of the catchment areas. Orographic rainfall,
produced from clouds forming in the east of the catchments, also create longer periods of softer
rainfall which can fall for several days (Bosch, 1979, Nanni, 1956, Everson et al. 1998, Toucher
et al. 2016). The annual average air temperature for the research catchments is 13.8°C with
mean monthly temperatures ranging from 17.1 °C to 10 °C. Frost is common in autumn and
winter (April to August) (Bosch, 1979, Everson et al. 1998, Gordijn et al. 2018; Toucher et al.
2016).
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The research catchments are predominantly covered by grasslands of the uKhahlamba Basalt
Grassland vegetation type interspersed with Northern Afrotemperate Forest patches and
wetlands (Mucina and Rutherford, 2006).

3.2. BRIEF HISTORY OF THE STUDY SITE

These catchment areas are long-term research sites established in 1948 by the Union of Forests
Department to investigate the influence of land management on water resources. Initially the
primary focus was on the impact of commercial plantation forestry on water, with the focus
shifting to and including the impacts of different fire regimes as well as grazing influences on
hydrological responses (Nanni 1956, Everson et al. 1998, Toucher et al. 2016). Weirs were
built and measurements began in an initial ten catchments in 1948, with five more catchment

areas added to the monitoring regime in 1975.

In 1988 the management of the catchment areas was handed over to the Natal Parks Board
(now Ezemvelo KZN Wildlife), where monitoring continued until 1995, when due to a lack of
funding, monitoring in the catchments ceased. In 2011 the SAEON Grasslands-Forests-
Wetlands Node began the process of restoring monitoring in the catchments and this

monitoring now continues to the present day (Toucher et al. 2016).

In addition to the hydrological monitoring experiments, a number of concentrated experiments
were initiated to examine the impacts of controlled burning on grasslands and scrub vegetation.
This is due to the vegetation of the Cathedral Peak research catchments being largely controlled
by fire (Toucher et al. 2006). Fire regimes which were included as management treatments
were established within the catchments by 1957 and included areas burnt frequently (one and
three years) and infrequently (five and eight years). These burns were applied during the period
winter to early spring. Fire records are kept of the burning regimes, with these specific to a
catchment area. Certain burning regimes were in place from 1945 to 1972, with these changing
from 1972 to 2000 and then changing again from 2000 onwards. Catchment CP-1X has
however been largely protected from fire since 1952, with the exception of some wildfires and
accidental burns in some years (Toucher et al. 2006). In this study, a fire management burn
took place in CP-VI on the 7" of October 2020 and a wildfire took place in CP-I11 in July 2019.
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3.3. CATCHMENTS STUDIED IN THIS THESIS

Three similar catchments were selected for this study and are named CP-I11l, CP-VI, and CP-

IX (Figure 3.1). These catchments have been managed differently both in a historical context

as well as currently. Details of each catchment is provided in Table 3.1. CP-I11, CP-VI and CP-
IX are studied in Chapters 4 — 6, while CP-VI and CP-1X are studied in Chapters 7 and 8. CP-

I11 has been excluded from Chapters 7 and 8 as a result of both drought conditions which made

sampling in CP-111 difficult as well as a lack of instrumentation in CP-I11, but which was present

in CP-VI and CP-1X.

Table 3.1: General information on the three selected catchment areas for this study

Catchment

Name

Size
(ha)

Altitude
Range
(m.as.l)

Description of Catchment

CP-111

138.9

1847 - 2323

Mean annual rainfall of 1564 mm. The catchment is
degraded as a result of a forestry experiment in which Pinus
patula was planted throughout the catchment in the 1950s
and 1960s as well as accidental fires which led to the
removal of these trees in 1981. The catchment was
rehabilitated with Eragrostis curvula, following the
removal of the trees (Toucher et al. 2016). There is however
erosion throughout the catchment area, with large portions

of the catchment covered by Pteridium sp. (Bracken).

CP-VI

67.7

1845- 2073

Mean annual rainfall of 1340 mm. This catchment is
covered by mesic grassland of the uKhahlamba Basalt
Grassland type which is burned biennially during spring. It
is dominated by Bromus speciosus, Pentaschistis tysoniana,
Cymbopogon nardus and Themeda triandra that are
accompanied by numerous herbs and shrubs. CP-VI is
considered the core catchment with focused, detailed
monitoring ongoing in this catchment. A full array of
evaporation, soil moisture and groundwater monitoring are

undertaken.

CP-1X

64.5

1823 - 1966

Mean annual rainfall of 1257 mm. This catchment has been

completely protected from fire since 1952 but has
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) Altitude
Catchment | Size o
Range Description of Catchment
Name (ha)
(m.as.l)

experienced accidental burns and wildfires in some years.
As a result of fire exclusion, this catchment is dominated by

woody scrub (Leucasidea serica and Buddleia salvifolia)

The collection of rainfall data within the catchments has been undertaken since 1950, with
rainfall for this study measured with tipping bucket rain gauges installed in the mid position of
each of the catchments. Streamflow monitoring was initiated in the three catchment areas
during the late 1940’s and 1950’s. At the outlet of each catchment a concrete weir and stilling
hut, with 90-degree V Notches were installed (Figure 3.2). These V Notches are 45.72 cm (18
inches) deep and are surmounted by 1.82 m (6 feet) wide rectangular notches of varying depth.
The stilling ponds were dug to bedrock, and rock walls for the pond were constructed. Details
of how early measurements were taken, error checked and processed are given in Toucher et
al. (2016). The water stage-height at each weir is currently monitored using an Orpheus Mini
(Ott Hydromet GmbH, Germany) at CP-V1 weir and a CS451 Stainless steel SDI-12 Pressure
Transducers with CR200 loggers at weirs CP-111, CP-VI, and CP-1X. There are two pressure
transducers installed at weir CP-VI as this is the core catchment and thus the quality of
streamflow records is ensured (Toucher et al. 2016).
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Legend
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Figure 3.1: Locality of the catchments selected for the study

Figure 3.2: Concrete weir and stilling hut, with 90-degree V Notch installed at CP-VI
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3.4. FIELD WORK CONDUCTED DURING THIS THESIS

Field work for this thesis was conducted between January 2019 and June 2021. The field work
included a number of different aspects. Firstly, piezometers were installed within the three
catchments: six piezometers in CP-111, twelve in CP-VI, and nine in CP-IX. The piezometers
used were created from PVC piping which was 10 cm in diameter and varied in length
depending on the depth of the soil in the area where they were installed. The piezometers were
installed in clusters of two or three within a location, with this location chosen to represent the
upper, mid, and lower portions of the catchments. Furthermore, the position of the piezometers
was chosen within wetland and seepage areas of the catchments. In CP-I11I, all piezometers
were, however, installed in the lower sections of the catchment area as a result of a lack of
seepage areas within the upper portions of the catchment. As a result of the drought conditions
experienced during the field work time, some of the piezometers had to be discontinued, and
thus for this thesis, five piezometers were utilised in CP-I111, seven piezometers were utilised in
CP-VI, and seven piezometers were utilised in CP-IX. More detail regarding the piezometers
is provided in Chapter 5.

Samples from these piezometers were taken during the last week of every month, with the
exception of April 2020. This was as a result of the Covid-19 pandemic. Water heights were
recorded once a month to the nearest cm. The height of the water within the piezometer was
calculated from the surface of the soil to the depth of the water table. Furthermore, water was
extracted from the piezometers for DOC analysis between September 2019 and June 2021 and
more detail of this procedure is provided in Chapter 7. Water could only be extracted from
September 2019 due to the drought conditions experienced for the majority of 2019.

As no soil map of CP-1X existed, a soil mapping exercise was undertaken in October 2020 to
both validate the hydropedological soil group maps as discussed in Chapter 4, and to create a
soil map for CP-IX. This map details the soil forms of the catchment as per the South African

taxonomic classification system (Soil Classification Working Group, 2018).

Lastly two submersible, portable multi-parameter UV-Vis probes (spectro::lyser, s::can
Messtechnik GmbH, Austria) were installed in the weirs of CP-VI and CP-I1X to aid in gaining
a deeper understanding of the DOC dynamics of these catchment areas. Details of these sensors

is provided in Chapter 8. The sensors were installed in June 2019 and data for this thesis was
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gathered between July 2019 and June 2022 (three years). The data from these optical sensors
was downloaded at the site, every month, with the exception of April 2020. Due to the remote
nature of the area in which this sensors were installed, some data gaps were unavoidable, as
should a power failure occur this could only be checked after the data was downloaded. Details

on the data analysis is provided in Chapter 8.
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CHAPTER 4 - DIGITAL SOIL MAPPING FOR
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PEAK RESEARCH CATCHMENTS, SOUTH AFRICA
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Abstract

Conventional soil mapping in montane environments is often a difficult and laborious task
given access difficulties, the topography of the environment and the time required to conduct
the field investigation. Utilising a remote sensing tool, such as the Arc Soil Inference Engine
(ArcSIE) to map soils in these locations can add valuable information for land management.
The ArcSIE tool was utilised in the Cathedral Peak research catchments, in KwaZulu-Natal,
South Africa with the aim of creating an understanding of the hydropedological behaviour of
the soils of three research catchments. A rule-based approach was first undertaken, followed
by a case-based validation. A fuzzy membership map of each soil group was produced which
integrated all inputs. The overall Kappa coefficient for CP-111 is 0.57, for CP-VI is 0.59, and
for CP-IX is 0.74. The hydropedological soil group maps achieved an appropriate
representation of the complex nature of the soil-landscape relationship, with changes between
one soil group and the next being gradual and continuous. Accuracies and inaccuracies within
the fuzzy-membership maps can be quantified, allowing for a confidence rating in the use of
these maps. These maps can therefore be used in further applications in water and land

management for the area.

4.1. INTRODUCTION

Conventional soil mapping in montane environments is often a difficult and laborious task
given access difficulties, the topography of the environment and the time required to conduct
the field investigation (Ismail and Yacoub, 2012; Martin-Lopez, et al., 2019). In recent years
thematic mapping has undergone a revolution as the result of advances in geographic

information and remote sensing techniques (Ismail and Yacoub, 2012), and this has brought
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about the use of Digital Soil Mapping (DSM) as a key tool in reducing the time and financial
aspects of conventional soil-based mapping. DSM is the interpretation of spatial and temporal
soil property variations using mathematical models based on quantitative relationships between

environmental information and soil measurements (Martin-Lopez, et al., 2019).

The use of DSM techniques is supported by the factors of soil formation, coupled with soil-
landscape relationships (McBratney et al., 2003, Silva et al., 2019). Jenny (1941) used the well-
known and widely accepted model as a mechanistic model for soil development; S =f(c, o, r,
p, t) where S (soil) is a function of climate (c), organisms (0), relief (r), parent material (p) and
time (t). However, since the late 1960s, there has been an emphasis on more geographic,
topographic, and spatial approaches to interpreting the position of soils in relation to the
landscape (McBratney et al., 2003). This more recent interest is driven by an increasing
recognition of the ecological, economic, and societal benefits of understanding soil properties,
their spatial distribution, and the value of this knowledge for use in the management objectives

of a variety of industries and land uses (Kimsey, 2020).

The geographic and topographic nature of DSM makes it relevant to pedology and hydrology
(Lin et al., 2006, Ma et al., 2019). Soil-water interactions across multiple scales control much
of soil development and this results in the spatial variability studied by pedologists. These
interactions also control water quantity and quality in surface and groundwater systems, and
thus are important to hydrologists (Lin et al., 2006). Combining pedologic and hydrologic
expertise can be particularly powerful in addressing complex environmental issues (Bouma,
2006, European Confederation of Soil Science Societies, 2004, Lin et al., 2006, van Tol et al.,
2018) and thus the introduction of utilising DSM in hydropedology is an important component

in understanding and predicting soil variability within a landscape (Thompson et al., 2012).

A landscape can be divided into two hydrologic zones including the recharge zone and the
discharge zone (Heath, 1980). A downward movement of water from the soil surface to the
groundwater describes the recharge zone, while the opposite, a movement of water upwards
from the groundwater toward the surface portrays the discharge zone. A lateral or flow through
zone can also occur in certain landscapes with a shallow water table. Here the groundwater has
reached the surface and runs parallel to the ground surface. Dissolved organic matter, sediment,
and reduced Iron (Fe) and Manganese (Mn) are carried within this moving water (Lindbo and
Richardson, 2000; Rhoton et al., 2002, Vepraskas and Lindbo, 2012).
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Research into the dynamics of hydropedology, particularly within South Africa, has shown that
the placement of soils within a landscape are not randomly distributed but can be grouped into
four hydropedological soil types, namely, recharge soils, interflow soils, responsive soils, and
stagnating soils. These groups of soils convey water differently and thus have different

hydropedological behaviour (van Tol and Le Roux, 2019).

Previous studies have highlighted the effect of the landscape on the flow dynamics of soils
(Diek et al., 2014, Grayson et al., 1997, Mahmood and Vivoni, 2011, Penna et al., 2009,
Teuling and Troch, 2005) with soil moisture varying with topography under wet conditions,
whereas under drier conditions, soil moisture has been shown to be associated with local soil
and vegetation controls. So, although topography, texture and vegetation all influence soil
moisture variability, the relative magnitude of these controls can vary strongly (Diek et al.,
2014, Grayson et al., 1997, Mahmood and Vivoni, 2011; Penna et al., 2009, Teuling and Troch,
2005). This is due to the complex and varied characteristics of soils which influences their

ability to store and transmit water (van Tol et al., 2020).

The spatial distribution of soils within a landscape can also be described utilising the soil catena
concept. Described by Milne (1936) as the association of the distribution of soils with the
topography of the hillslope, and later by Bushnell (1942) as the identification of the
hydrosequence of soils along a hillslope from the ridgetop to the valley bottom or watercourse.
The catchment’s hydrological response is the sum of the hydrological responses of the
individual hillslopes within a catchment (van Zijl et al., 2019). Thus, the importance of
grouping soils according to their hydropedological characteristics plays an important part in
understanding water fluxes and flow pathways in landscapes (Lin et al., 2006; van Tol, 2020)
as well as creating hydrosequences within a catchment. The use of DSM in determining the
hydropedological grouping of soils is therefore important in assessing such properties of a
catchment including soil water retention, flooding potential, erosion hazard and depth to the
seasonal high-water table (Thompson et al., 2012).

One of the baseline inputs in DSM is identifying where the wetlands and watercourses are
situated. Wetlands are a transitional ecosystem between terrestrial and open-water or aquatic
environments (Mitsch and Gosselink, 2015). They therefore contain either open water bodies,
dense vegetation, or a mixture of the two (Kaplan and Avdan, 2017). The use of satellite

imagery has been successfully used in the past for open-water delineations, as well as for
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vegetation classification and change detection in wetland ecosystems. Several mapping studies
have demonstrated the potential of applying remote sensing methods to wetland identification
(Berberoglu et al., 2004, Frohn et al., 2009, Klemas 2005, Klemas, 2011, Lunetta and Balogh,
1999, Phillips et al., 2005, Quinn and Epshtein, 2014). Further studies illustrate how vegetation
characteristics such as density, vitality, and spatial extent serve as important ecohydrologic
indicators (Kokaly et al., 2003, Lin and Liquan, 2006). Applying these indicators, one can use
remote sensing techniques such as Normalized Difference Vegetation Index (NDVI) analysis
to gain an understanding of where the wetlands are situated within a catchment.

This baseline information can then be utilised with topographical indices to determine the
distribution of soils or the properties of soils within a catchment. Several studies have
highlighted the use of DSM programmes for these mapping exercises (Behrens et al., 2005,
Lagacherie, 2008, McBratney et al., 2003). One such programme is ArcSIE (Soil Inference
Engine) which has been utilised in a number of studies across the globe focusing on both soil
classification mapping as well as soil properties mapping (Ashtekar et al., 2014, de Menezes
et al., 2014, Silva, 2014, Smith et al., 2010). ArcSIE supports a knowledge-based approach to
establish relationships between soils and the environment in which the soils are formed (Shi,
2013). It is thus ideally suited to mapping the hydropedological behaviour of soils within a

catchment area.

The aims of this chapter are therefore to use remote sensing techniques and DSM for
hydropedological purposes on a catchment scale in order to understand the various flow
dynamics of these catchments. The information obtained from the mapping of the
hydropedological soil groups and the interactions between these groups aims to further enhance

land use and water management planning in these areas.

4.2. METHODOLOGY

4.2.1. Study site

Details of the study site are given in Chapter 3.
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4.2.2. Classification of hydropedological soil groups

The grouping of the hydropedological character of soils (based on the classifications from van
Tol and Le Roux, 2019) were utilised in this study. The hydropedological soil groups are
defined for this study as (Harrison et al. 2022):

1. Recharge Shallow Soils — these are freely drained and are shallow in nature (<500mm).
The freely drained B horizon merges with fractured rock or a lithic horizon. These soils
occur on steeper convex slopes in the higher lying parts of the catchments.

2. Recharge Deep Soils — these are freely drained and are deeper than the Recharge
Shallow Soils (>500mm). The freely drained B horizon merges into fractured rock or a
lithic horizon. These soils where identified throughout the catchments on gentler
convex and concave slopes.

3. Interflow soils — these have a freely drained upper horizons which overlie relatively
impermeable bedrock. Hydromorphic properties are identified at this interface and
signify periodic saturation associated with a water table. These soils occur on gentler
concave slopes in areas delineated as wetlands as well as adjacent to watercourses.

4. Responsive Saturated — these display indications of long-term saturation and were
identified in permanently saturated wetlands in the valley bottom positions of the
catchments as well on gentle concave slopes. As these soils are close to saturation all
year round, the respond quickly to rainfall events and generate overland as any
additional precipitation will flow overland due to saturation excess.

4.2.3. Normalized Difference Vegetation Index Analysis

The first aim of the DSM study was to broadly identify and map the watercourses and wetlands
located within each of the three catchment sites. In order to achieve this, the use of satellite
imagery and the analysis of this imagery was undertaken. Imagery from the Sentinel-2 satellite
was utilised. Sentinel-2 is an Earth observation satellite operated by the European Space
Agency. It was launched on the 23" of June 2015 as part of the European Copernicus
Programme to perform terrestrial observations in support of services such as forest monitoring,
land cover changes detection, and natural disaster management. Sentinel-2 records 13 bands in
the visible, near infrared, and short-wave infrared part of the spectrum and its images have a
resolution of 10 to 60 meters (Drusch et al., 2012, Kaplan and Avdan, 2017). The images can

be downloaded free from the Copernicus Open Access Hub (https://scihub.copernicus.eu/).

39


https://scihub.copernicus.eu/

Chapter 4

Sentinel-2 imagery from the 25" of June 2020 was used in this study to map the wetlands and
watercourses within each of the catchments. This date was chosen as cloud cover over the
selected catchments was 1.2% and thus the area of study was clearly visible. Preprocessing of
the data was undertaken utilising the semi-automatic classification plugin for QGIS version
3.10.9. This allowed for the individual bands to be set according to their central wavelengths
(Congedo, 2014).

After preprocessing, a Normalized Difference Vegetation Index (NDVI) analysis was
conducted. The NDVI processing utilises the following formula, for classifying different land

covers within the catchments (Zhao et al., 2017).

NIR - RED
NDVI = Index (NIR, RED) = NIR + RED

Where NIR is the near infrared band and RED the red band, so for the Sentinel-2 images the

following applies:

Band 8 — Band 4
Sentinel-2 images NDVI = Index (Band 8, Band 4) = Band 8 + Band 4

According to the Earth Resources and Observation Science (EROS) Centre, Values of the
NDVI analysis range from -1 to 1. Areas of bare soil and/or open water have a very low NDVI
value (i.e., 0.1 or less). Sparse vegetation results in moderate NDV values (approximately 0.2

to 0.5), while high NDVI values (0.6 to 0.9) correspond to dense vegetation.

Based on prior knowledge of the catchments, areas which are known to be wetlands and
watercourses are associated with denser vegetation as compared to terrestrial areas. Therefore,
initial classification of wetlands and watercourses within the catchments was taken as areas
with NDVI values higher than 0.4.

4.2.4. Rule-Based Digital Soil Mapping utilising the Arc Soil Inference Engine (ArcSIE)
The creation of the digital soil maps for the three catchment areas utilised the ArcSIE (Soil
Inference Engine) version 10.2.105. ArcSIE is a toolbox that functions as an Extension of

ArcMap and generates soil maps based on the soil-environment model:

S =f(E)
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This model states that the information about soil (S) can be derived from the information about
the soil formative environment (E), including topography, geology, climate, and vegetation
(Zhu et al., 2010).

ArcSIE was designed for creating soil maps using fuzzy logic in which DSM is performed
according to existing relationships between soil attributes and landforms (de Menezes et al.,
2014). The fuzzy logic model is based on the concept of fuzzy sets (Zadeh, 1965) and the
complex nature of soils and landscapes which creates a more gradual and continuous change
in soils and their properties. This forms an uncertainty in the allocation of boundaries between
one soil group and another and should therefore not be represented by the abrupt lines depicted
in polygon-based maps. Fuzzy logic therefore attempts to represent this uncertainty by
predicting the soil groups as an alternative that is more adapted to the reality of the environment
(Martin-Lopez, et al., 2019). Unlike ordinary sets, fuzzy sets enable their elements to show a
partial degree of membership in the range from 0 (no membership) to 1 (full membership). In
this way, fuzzy logic models are capable of representing continuous graduations from one class
to another class (Hellwig et al., 2016a, Shi et al., 2004).

A 5 m resolution Digital Elevation Model (DEM) (Ezemvelo KZN Wildlife et al., 2016) was
utilised to create Digital Terrain Models (DTM) utilising ArcGIS version 10.2 and ArcSIE
version 10.2.105 to represent the distribution of the topographical features across the three
catchment sites. The slope, elevation and planform curvature were calculated directly from the
DEM, while the wetness index was created from the filled DEM and a multipath flow

accumulation raster.

A rule-based approach was undertaken. This involved understanding the relationships between
the soil and landscape and was based on knowledge of the catchments and previous soil
surveys. Furthermore, the aim of this study was to group the identified soil types into
hydropedological groups based on the behaviour of the soils in relation to the flow dynamics
of the catchment. The hydropedological classes were therefore classified as (i) recharge
shallow soils; (ii) recharge deep soils; (iii) interflow soils; and (iv) responsive saturated soils
(van Tol and Le Roux, 2019). The relationship between these hydropedology soil groups and

the slope, elevation, topographical curvature, and inverse wetness index was identified.
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A number of rules were applied to the inference engine within the ArcSIE tool. These rules
were based on the outcome of the DTMs as well as knowledge of the catchments, with various
parameters overlapping with each other due to the fuzzy logic nature of the rules applied. The
following parameters were set for each of the DTMs within CP-I11, CP-VI, and CP-IX (Table
4.1). This table represents the information used to produce the optimal curves that describe
quantitatively the relationships between soil type and a particular DTM (de Menezes et al.,
2014, Zhu et al., 1997). Furthermore, the wetness index was compared against the results of
the NDV 1 analysis and mask polygons created where wetlands are known to occur. These mask

polygons formed part of the input rules for the model.

Table 4.1: Environmental control variables of the hydropedological soil groups in CP-I11, CP-
VI, and CP-1X

Hydropedological Wetness Elevation Slope Planform
Catchment )
Soil Group Index (m) (%0) Curvature
Recharge shallow <1 1900-2280 | >30 <-5
Recharge Deep 1-9 1848 - 2200 | 22-30 -5--0.6
CP-111
Interflow 8-15 1848 - 2100 | 18-30 -0.6-2
Responsive Saturated | 15 - 21 1848 - 1956 | <18 2-3.6
Recharge shallow <2 1860 - 2040 | >80 <-2.3
Recharge Deep 3-5 1830-2070 | 25-79 |-23-04
CP-IV
Interflow -7 1830-2040 | 15-25 0.4-3.6
Responsive Saturated | > 8 1830-2000 | <15 >3.6
CP-IX Recharge shallow <4 1838-1985 | >29 >0
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Hydropedological Wetness Elevation Slope Planform
Catchment )
Soil Group Index (m) (%) Curvature
Recharge Deep 3-8 1820-1985 | 1-28 -05-36
Interflow 7-10 1820-1930 | 14-28 -35--04
Responsive Saturated | 9- 13 1820 - 1911 | <15 -6.9--0.5

After identifying the environmental control variables for each of the hydrological soil groups
in each of the catchments, the continuous function curves set by ArcSIE were utilised to
precisely define each parameter. The continuous function is applicable to environmental
features with interval or ratio values (e.g., elevation, and slope gradient) and these were utilised
for each of the parameters defined in this study. ArcSIE provides three basic function curves,
which are used to further fine-tune the curve shape. These are the bell-shape curve, s-shape

curve, and z-shape curve. These are described by Shi (2013) as follows.

The bell-shape curve optimality value decreases as the difference between the environmental
feature and the central value increases (e.g., in CP-VI, the bell-shape curve defines that for the
interflow hydropedological soil group a 15% to 25% slope is optimal i.e., receiving the highest
membership and the membership value decreases as the slope increases from 25% or decreases
from 15%). The s-shape curve defines the optimality of the environmental variable will always
get the maximum value if the environmental feature values are greater than a defined value
(e.g., in CP-11l, the s-shape curve defines that for the recharge shallow hydropedological group,
a slope steeper than 30% is always optimal and thus receiving the highest membership). The
z-shape curve defines that the optimality will always receive the maximum value if the
environmental feature values are less than a defined value (e.g., in CP-VI, the z-shape curve
defines that for the responsive saturated hydropedological group, a slope gentler than 21% are
always optimal and thus receiving the highest membership). Examples of these function curves
are provided in Figure 4.1.
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Figure 4.1: Examples of the Bell-Shape, S-Shape and Z-Shape optimality curves utilised in the
ArcSIE inference interface

4.2.5. Ground truthing and validation

The ArcSIE interface allows for the input of case-based features with the aim of adjusting the
predictive models created within the rule-based phase, to better reflect the knowledge about a
particular landscape. Cases are spatial features (points, lines, polygons, or raster cells)
pinpointed, delineated, or derived by the soil scientist to express the knowledge of local soils
(Shi, 2019). Existing soil maps and soil information gathered at specific points within the
catchments were added as individual cases to the ArcSIE interface and this information utilised
to refine the mapping rules. Forty-nine validation points were utilised for CP-I11, forty-seven
for CP-VI and twenty-seven for CP-I1X. Soil sampling points were chosen to cover the range
in altitude, planform curvature, slope, and topographical wetness of the individual catchment
areas. The soils were classified as per the South African soil classification system (Soil
Working Group, 2018) and their locations are displayed in Figure 4.2.
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Figure 4.2:Location of the soil sampling points as well as the classification of the soils in (A) CP-I1ll, (B) CP-VI and (C) CP-IX
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The weighted average function was furthermore utilised in the validation process. Under the
weighted-average method, ArcSIE calculates a linear weighted average of the optimality values
of individual environmental features to get the overall optimality value for the instance. It
therefore assigns different weights to different environmental features utilising the Analytical
Hierarchy Process, which uses a structured process to assign weights consistently (Shi, 2013;
Shi, 2019). An example of this is given in CP-111 where slope is specified to be more important
than elevation. The ArcSIE interface then quantifies this specification by assigning the score
of slope against elevation.

4.2.6. Statistical Validation
The performance of the ArcSIE interface to create the combined hydropedological maps for
each of the catchments was analysed using the Kappa coefficient of agreement. This was used

to measure the accuracy of the classifications utilised in the maps.

This was first undertaken using the classification of the pixel values versus the ground-truthed
results that were obtained during previous soil surveys. Following the identification of the
accuracies presented for each hydropedological soil group in each catchment, the Kappa
coefficient equation (Cohen, 1960) was calculated. For computational purposes, the following
formula is presented:

K= Po—Pe
I-IG

Where P, = sum of each hydropedological group accuracy/total number of variables
Pe = (sum of probability of a random raster pixel being in the correct hydropedological
group) — (sum of probability of a random raster pixel being in the incorrect

hydropedological group)

4.3. RESULTS AND DISCUSSION

The results section follows the same sub-headings as set out in the methodology section. These

sub-sections identify the hydropedological classification of the soils delineated within the three

catchments, the results of the NDVI analysis, the ArcSIE rule-based and validation inputs, as
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well as the statistical analysis of the results obtained. A discussion of the results then highlights

the effectiveness of utilising ArcSIE for the mapping of the hydropedological soil groups.

4.3.1. Hydropedological classification of soils

Soil surveys to map the soils were undertaken within the three catchment areas. These soils

were classified as per the South African soil classification system (Soil Working Group, 2018).

The soils were then reclassified according to their hydropedological character, based on the

classifications from van Tol and Le Roux (2019). The hydropedological soil groups are defined

for this study as per Table 4.2.

Table 4.2: Hydropedological soil groups mapped in the catchments

Hydropedological
Soil Group

Soil Forms (Soil Working Group,
2018)

Characteristics of soils

Recharge Shallow
Soils

Nomanci, Mispah, Graskop

These are soils that are freely drained
and do not show any indication of
saturation. They are typically shallow
in nature (<500mm). The freely drained
B horizon merges with fractured rock or
a lithic horizon. These soils typically
occur on steeper convex slopes in the
higher lying or steeper parts of the

catchments.

Recharge Deep Soils

Kranskop, Magwa, Inanda,

Longtom, Sweetwater, Gangala

These are soils that are freely drained
and do not show any indication of
saturation. They are typically deeper
than the Recharge Shallow Soils
(>500mm). The freely drained B
horizon merges into fractured rock or a
lithic horizon. These soils where
identified throughout the catchments on
gentler convex and concave slopes and

away from wetlands and watercourses.

Interflow soils

Dartmoor, Highmoor

These soils have a freely drained upper

solum which overlies relatively
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Hydropedological
Soil Group

Soil Forms (Soil Working Group,
2018)

Characteristics of soils

impermeable bedrock. Hydromorphic
properties are identified at this interface
and signify  periodic  saturation
associated with a water table. They
typically occur on gentler concave
slopes in areas delineated as wetlands

as well as adjacent to watercourses.

Responsive Saturated
Soils

Champagne, Katspruit

These soils display morphological
indications of long-term saturation.
They characteristically respond quickly
to rainfall events and generate overland
flow as they are typically close to
saturation during the wet season and
therefore any additional precipitation
will flow overland due to saturation
excess. These soils were identified in
the valley bottom positions of the
catchments, in permanently saturated
wetlands. They typically occur on

gentle concave slopes.

4.3.2. NDVI Analysis

The results of the NDVI analysis are given in Figure 4.3. The NDVI values vary from 0 to 0.79

for all catchments with lower values indicating bare soil and higher values vegetation. The

higher the value the denser the vegetation. The CP-111 NDVI1 values ranged from 0.05 to 0.79,
CP-VI results ranged from 0.06 to 0.55 and CP-IX results varied from 0 to 0.64. Firebreaks,

which had been burned around the boundary of each of the catchments are clearly visible, with

these areas displaying low values (<0.2) due to the exposure of bare soil as a result of the fire.

Based on knowledge of the catchments, areas which are known to be wetlands and

watercourses displayed values in the mid to high value ranges and are displayed in Figure 4.3

as areas with values higher than 0.4 (blue colouring). As CP-IX consists of denser vegetation

as a result of the dominance of the woody scrub, Leucasidea serica, wetlands and watercourses
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were classified as areas with a higher NDV1 value, 0.5, compared to CP-11I and CP-1V. As the

satellite imagery was taken in June (dry season), no areas of open water were identified.

The use of the NDVI analysis to form a basis for the location of wetlands and watercourses
relied on the knowledge of the catchments and the use of previous soil survey work.
Watercourses and wetland zones were defined in all three catchments in the NDVI analysis as
areas with denser vegetation. Prior knowledge of these areas as well as the use of the
topographical wetness index as part of the rule-based processing of the maps confirmed their
classification as watercourses and wetland systems. It is therefore difficult to delineate
watercourses and wetlands with the use of NDV I analysis alone. This is corroborated in various
studies in which it was concluded that rule-based classifiers provide more accurate results if
supported by ancillary data such as Digital Elevation Models (Lidzhegu et al., 2019; Ozesmi
and Bauer, 2002, Quinn and Epshtein, 2014). The NDVI analysis results combined with the
topographical wetness index and knowledge of the catchments, however, provided useful data
in the creation of polygon masks which were input into the ArcSIE interface to aid in the correct

prediction of areas as wetlands and watercourses.
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Figure 4.3: NDVI Analysis results for the three catchments A) CP-111; B) CP-VI and C) CP-1X
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4.3.3. Rule-Based Digital Soil Mapping

Figure 4.4 shows an example of the fuzzy membership maps produced for the four
hydropedological classes in CP-111. These were created according to the instances for each of
these classes (Table 4.1) and the input of polygon masks where wetlands and watercourses are
known to occur. Similar fuzzy membership maps were created for CP-VI and CP-IX. These
maps are the first product generated by the inference engine and are used as the basis for the
final map. Every pixel in each of the fuzzy membership maps is assigned a value ranging from
0 to 100 depending on the similarity of that pixel location to the hydropedology classed being
mapped.

These maps reveal more details about the hydropedology classes than conventional polygon
maps because they are made at pixel size spatial resolution (de Menezes, et al., 2014). The
ArcSIE interface then allows for the creation of a combined map in which the individual fuzzy
membership maps are integrated and a draft map of the hydropedological classes for the

catchments created (Figure 4.4).
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Figure 4.4: Fuzzy membership maps for each hydropedological soil group as well as the draft

combined map for CP-1II

4.3.4. Validation

Based on the specific locations of the soil points in each of the catchments, the results of the

NDVI analysis, as well as the use of the linear weighted average, a finalised refined

hydropedological soil group map was created. These are displayed in Figure 4.5.
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The accuracy table displaying the classification of the pixel values versus the ground-truthed

results of each catchment is presented in Table 4.3. Accuracy percentage values varied between

catchments and between the different hydropedological soil groups.

Table 4.3: Accuracies for modelled hydropedological group versus ground-truthed
hydropedological group in CP-I11, CP-VI, and CP-IX

Ground- | Ground- Ground-
) Ground-
Hydropedological | truthed truthed truthed Accuracy
Catchment ) truthed ) Total
Soil Group Recharge | Recharge Responsive %
Interflow
Shallow Deep Saturated
Recharge Shallow 4 1 0 0 5 80
Recharge Deep 4 21 1 2 28 75
CP-I11 Interflow 1 1 8 0 10 80
Responsive
2 2 0 2 6 34
Saturated
Total 11 25 9 4 49
Responsive
8 0 1 4 13 62
Saturated
Recharge Shallow 0 9 1 0 10 90
CP-VI Recharge Deep 1 0 11 5 17 65
Interflow 0 0 2 4 6 67
Total 9 9 15 13 46
Recharge Deep 9 0 1 1 11 82
CP-IX Recharge Shallow 2 5 0 0 7 71
Interflow 0 0 3 0 3 100

54




Chapter 4

Ground- | Ground- Ground-
) Ground-
Hydropedological | truthed truthed truthed Accuracy
Catchment ) truthed ) Total
Soil Group Recharge | Recharge Responsive %
Interflow
Shallow Deep Saturated
Responsive
1 0 0 5 6 83
Saturated
Total 12 5 4 6 27

The overall Kappa coefficient for CP-111 is 0.57, for CP-VI is 0.59, and for CP-IX is 0.74.
These values range from a weak (CP-I11 and CP-VI) to a moderate (CP-1X) agreement between
the predicted maps and the ground-truthed points (McHugh, 2012). Various studies which
utilise DSM for the prediction of both soil types and physical properties of soils within
catchments have resulted in similar (weak to moderate) agreements (de Menezes et al., 2014,
Hellwig et al., 2016a, Hellwig et al., 2016b, Silva et al., 2019).

The quality of the hydropedological soil group maps produced is determined by the method
(rule-based versus case-based) and the environmental covariates used for the model
predictions. The accuracy of the DEM utilised in the initial rule-based approach plays a large
role in determining the effects of slope, elevation, planform curvature and the wetness index
on the modelled predictive maps for each hydropedological soil group. Furthermore,
inaccuracies and uncertainties in the input of the value ranges in the function curves as part of
the rule-based approach, as well as the use of weighted average function in the case-based
approach plays a role in determining the quality of the final maps produced. These inaccuracies
and uncertainties were highlighted in various studies which recommended validation
procedures to improve inaccuracies in the predictive models (de Menezes et al., 2014, Hellwig
etal., 2016b). The accuracy of the location of each individual hydropedological soil group also
influences the overall accuracy of the final maps produced. This varied for each catchment and

depended on the quantity of observation points made in previous soil surveys.
The determined quality of the final digital soil maps reinforces the need to combine the

knowledge of soil experts with soil-landscape relationships. This increases the accuracy of

prediction models of soil properties within a landscape (de Menezes et al., 2014).
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Readily available soil information is increasingly being sought after as the importance of soil
in ecosystem management is more widely recognised. The security of soils including their
capability, health, connectivity, and classification forms the basis of all spheres of land
management from food and nutrition security, water security, energy security, climate change
and human health. With the use of DSM our knowledge and understanding of future soil
security can be enhanced for larger areas with the use of competitive budgets and timeframes
(Searle et al., 2021, van Zijl, 2019).

4.4. CONCLUSION

Results indicate that while the use of ArcSIE is a powerful tool to be used to gain a general
idea of the relationship between the soils and the landscape from a hydropedological stance,
the knowledge of the soil-landscape relationship, as with the traditional soil mapping exercise,
is still necessary to improve the accuracy of the tool. The quality of the digital soil map
produced is furthermore dependant on the method employed (rule-based versus case-based) as
well as the environmental covariates used for the model predictions. This is true for all inputs
to the prediction model. The results of the NDV1 analysis, which were utilised as another input
to improve the accuracy of the prediction model, identified that it is difficult to delineate the
wetlands and watercourses without prior knowledge of the catchments. Therefore, the more
knowledge one has of the landscape processes under study, the more accurate the outcome of

the digital soil mapping exercise.

However, the hydropedological soil group maps achieved an appropriate representation of the
complex nature of the soil-landscape relationship, with changes between one soil group and
the next being gradual and continuous. These soil group correlations are not well represented
in polygon-based maps and therefore require the fuzzy membership logic utilised by the
ArcSIE interface to depict these relationships. The use of the ArcSIE interface to derive the
hydropedological soil group maps of the three different catchments provided adequate results
with regards to understanding the overall behaviour of the soils in the catchments. Of
importance is that the accuracies and inaccuracies within the fuzzy-membership maps can be
quantified, allowing for a confidence rating in the use of these maps. These maps can therefore

be used in further applications in water and land management for the area.
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Numerous studies have utilised ArcSIE to create not only soil classification maps but also more
detailed studies of the properties of soils across the globe (Akumu et al., 2015; de Menezes et
al., 2014; Moonjun et al., 2020, Pittman et al., 2021), however the use of any DSM programme
has rarely been applied in Africa and particularly in Afromontane environments, with the
majority of studies coming out of South Africa and Kenya. These studies are furthermore aimed
at agricultural studies, the mapping of soil organic carbon, clay percentage and for industrial

and commercial developments (Mora-Vallejo et al., 2008, van Zijl, 2019).

Afromontane environments provide several ecohydrological services to downstream locations,
including the ecological and physical processes that control the partitioning and routing of
precipitation into evaporation, infiltration, transpiration, recharge, and runoff (Brooks and
Vivoni, 2015). The characteristics of the soils of these catchments form the basis of these
services. However, the remoteness and often inaccessible terrain associated with Afromontane
environments often reduces the knowledge and understanding of these areas. The use of DSM
which is suited to these types of environments would allow for more integration of soil
knowledge into land management policies across the continent. Further training of DSM
programmes in Africa would therefore lead to an improved understanding of the basis of

ecohydrological processes.
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CHAPTER 5- HYDROPEDOLOGICAL CHARACTERISTICS
OF THE CATHEDRAL PEAK RESEARCH CATCHMENTS

Published as: Harrison, R., van Tol, J., and Amiotte Suchet, P. (2022). Hydropedological characteristics of the
Cathedral Peak research catchments. Hydrology. 9. 11. 189. https://doi.org/10.3390/hydrology9110189.

Abstract

It has long been recognised that the role of soils is critical to the understanding of how
catchments store and release water. This study aimed to gain an understanding of the
hydropedological characteristics and flow dynamics of the soils of three mountain catchment
areas. Digital soil maps of the hydropedological characteristics of the catchments were
interpreted and a conceptual response of these watersheds to precipitation was formed. This
conceptual response was then tested with the use of site-specific precipitation and streamflow
data. Furthermore, piezometers were installed in soils classified as the interflow
hydropedological soil group as well as the saturated responsive hydropedological soil group
and water table depth data for the three catchments were analysed. Climatic data indicated that
there is a lag time effect in the quantity of precipitation that falls in the catchment and the
corresponding rise in streamflow value. This lag time effect coupled with data obtained from
the piezometers show that the various hydropedological soil groups play a pivotal role in the
flow dynamics. Of importance is the unique influence of different wetland systems on the
streamflow dynamics of the catchments. The drying and wetting cycles of individual wetland
systems influenced both the baseflow connectivity as well as the overland flow during wetter
periods. They are the key focus in understanding the connectivity between the
hydropedological flow paths and the contribution of soil water to the stream networks of the

three catchments.

5.1. INTRODUCTION

Understanding how catchments store and release water, and the resulting ecosystem services
they provide is a crucial element in improving the management of these resources (Lazo et al.
2019). It has long been recognised that the role of soils is critical to these processes. The study

of hydropedology, as an intertwined branch of soil science and hydrology, is used at multiple
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scales to gain a better understanding of the variability of saturated and unsaturated surface and
subsurface environments and how these influence rainfall-runoff processes (Lin et al. 2008).
Hydropedology has therefore gained popularity in establishing the role of soils in the storage,
flow dynamics and connectivity between hillslopes and streams of watersheds, thereby

regulating the water cycle (Geris and Tetzlaff, 2015, Pinto et al. 2018).

Soils are three-dimensional bodies in the landscape, with different arrangements of vertical
horizons and lateral variability of soil properties (Lin, 2012). Jarvis et al. (2007) showed that
the quantity and type of soil macropores are variable across short distances, but spatial patterns
of preferential flow at the landscape scale are far from being completely random. They instead
show a clear pattern comprised of recognizable diagnostic soil horizons, soil materials, and
pedons which all display characteristic flow and transport arrangements. Soil water processes
can therefore be described in terms of content (volumetric or gravitational), potential (matric,
osmotic, and gravitational potentials) and movement (subsurface flows in quantity or in speed).
All of these descriptions are variable in time and space, creating multiple variations in the
temporal structure of how precipitation moves through a landscape and is then discharged (Juez
and Nadal-Romero, 2020).

Despite these variations in soil patterns, the range of specific soil types within a catchment is
generally restricted based on location (Zhu et al. 2018). This distribution of different soil
characteristics over a landscape is the key to connecting the pedon scale to the landscape scale
(Lin et al. 2006, Lin et al, 2008). These soil patterns are expressed in the different soil forms
identified within a catchment area. The periodicity of water movement through a soil causes
distinct processes of oxidation and reduction. For example, the vertical and lateral percolation
of water through a soil profile can cause the leaching out of iron and manganese, creating a
unique set of characteristics that pertain to a particular soil form. In other areas, where there is
excess water, soil forms are expressed by an accumulation of organic matter and/or a reduction
process within the soil horizons. These specific morphological features in the soil profile are
indicators of landscape processes including percolation, lateral flow, and water storage (Novak,
1986). These different types of flow paths within a catchment area may be isolated or connect
the flow paths to a stream network (Zuecco et al. 2019). Thus, the characteristics of a soil
profile can be utilised to gain an understanding of hydrological dynamics at landscape scale. A
further contributing factor is soil thickness, as this is a key factor in the storage and

redistribution of rainfall within the soil profile. It therefore plays an important role in
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controlling the types of various runoff processes and is often a decisive factor in the processes

that generate baseflow as well as overland flow (Fu et al. 2011).

In mountainous regions, changes within the landscape occur over short distances, and this
creates a marked internal (i.e., subsurface) heterogeneity within soils, as well as heterogeneity
in the catchment conditions. This makes it difficult to determine the direct measure of how
much water is stored within particular areas of the catchment as well as the internal flow
dynamics (Lazo et al. 2019). This is particularly so given the added interrelated influence of
climate, geology, topography, and vegetation characteristics on the flow dynamics of these
watersheds (Geris and Tetzlaff, 2015). The understanding of these processes is important as
mountainous headwater catchments provide key water—related services for downstream
ecosystems, and the regulation of streamflow by these catchments is highly influenced by their
capacity to store and release water (Lazo et al. 2019). Recent studies have shown that the way
in which water is stored and transferred within catchment areas is furthermore a crucial link in
generating both base flows as well as storm flows during precipitation events as well as
influences the sediment yield (Geris and Tetzlaff, 2015, Juez et al. 2021).

In South Africa, the uKhahlamba-Drakensberg Mountain range is one such area in which the
spatial heterogeneity of catchments allows for the study of these various processes over a
relatively short distance. Utilising this area, one can gain a deeper understanding in the way in
which soil landscape functions control the movement of water in these areas and influence
streamflow discharge. This is an initial and important component in understanding how

streamflow discharge from these areas impacts on downstream ecosystems.

The aims of this chapter are therefore to gain an understanding of the hydropedological
characteristics and flow dynamics of the soils of three mountain catchments, within the
uKhahlamba-Drakensberg Mountain range. This is achieved through (1) interpreting
hydropedological soil maps to conceptualize the hydrological functioning of the catchments in
terms of dominant flowpaths and storage mechanisms and how these influence the streamflow
dynamics and (2) to test the conceptual understanding of the hydropedological character of the
catchment areas through a series of site-specific measurements taken within the catchment

areas.
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5.2.1. Study Site

Chapter 5

Details of the study site are given in Chapter 3. The study period for this chapter was from

September 2019 to June 2021. Table 5.1 displays the rainfall and streamflow dynamics during

the study period.

Table 5.1.General details of the three catchment areas during the study period (adapted from

Harrison et al. 2022)

Catchment Name

Rainfall dynamics during study

period

Streamflow discharge
dynamics during study

period

CP-111

Mean (mm) 4.34
Max (mm)
65.23
Min (mm)
0.00

Annual PCP
2019 — 1095 mm
2020 — 1572 mm
2021 — 1664 mm

Mean (mm): 2.33
Max (mm): 13.39
Min (mm): 0.22

CP-VI

Mean PCP (mm) 3.62
Max PCP (mm)
65.28
Min (PCP) (mm)
0.00

Annual PCP
2019 — 829 mm
2020 - 1261 mm
2021 — 1472 mm

Mean (mm): 1.84
Max (mm): 18.90
Min (mm): 0.00

CP-IX

Mean PCP (mm) 3.70
Max PCP (mm)
68.34
Min (PCP) (mm)
0.00

Annual PCP

Mean (mm): 1.28
Max (mm): 11.81
Min (mm): 0.09
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] ) ] Streamflow discharge
Rainfall dynamics during study ) )
Catchment Name od dynamics during study
erio
P period

2019 — 884.94 mm
2020 — 1274 mm
2021 - 1378 mm

5.2.2. Climate and hydrological monitoring

The Cathedral Peak research catchments fall within the summer rainfall region of South Africa.
The mean annual precipitation (MAP) for the area is approximately 1400 mm with a gradient
of increasing rain between the south-eastern areas (which receive approximately 1300 mm) to
the western areas (receive approximately 1700 mm). CP-I1l has a MAP of 1564 mm, CP-VI
has a MAP of 1340 mm, and CP-1X has a MAP of 1257 mm [Toucher et al. 2016]. Rainfall is
measured with tipping bucket rain gauges installed in the mid position of each of the
catchments. Half of the rainfall events in the catchments are brought about by localised
thunderstorms which fall during the spring and summer months (September to March), with
occasional snowfall received during winter (May to August). The clouds forming these
thunderstorms come from the west of the catchment areas. Orographic rainfall, produced from
clouds forming in the east of the catchments, also create longer periods of softer rainfall which
can fall for several days (Bosch, 1979, Nanni, 1956, Everson et al. 1998, Toucher et al. 2016).
Mean monthly temperatures range from 17.1°C to 10°C with frost common in autumn and
winter (April to August) (Bosch, 1979, Everson et al. 1998, Gordijn et al. 2018; Toucher et al.
2016).

Streamflow monitoring was initiated in the three catchment areas during the late 1940’s and
1950’s (Toucher et al., 2016). At the outlet of each catchment a concrete weir and stilling hut,
with 90-degree V Notches were installed. These V Notches are 45.72 cm deep and are
surmounted by 1.82 m wide rectangular notches of varying depth. Details of how early
measurements were taken, error checked and processed are given in (Toucher et al., 2016). The
water stage-height at each weir is currently monitored using an Orpheus Mini (Ott Hydromet
GmbH, Germany) at CP-VI weir and a CS451 Stainless steel SDI-12 Pressure Transducers
with CR200 loggers at weirs CP-111, CP-VI, and CP-IX (Toucher et al., 2016).
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Catchment specific rainfall and streamflow data were therefore utilised for this study period
(September 2019 to June 2021). However, in CP-11l and CP-1X accidental fires, weir silting,
and equipment problems have led to periods of missing streamflow discharge data. In CP-II1
there is no streamflow discharge data between February and November 2020, while in CP-1X
there is no streamflow discharge data in October 2019 as well as between August and

November 2020. These periods of missing data were removed from the database.

5.2.3. Hydropedology and soil mapping

The development of hydropedology studies in South Africa has led to the classification of
hydropedological soil types and how these are distributed down a hillslope catena (van Tol,
2020). A digital soil mapping exercise was undertaken for the three catchment areas utilising
these hydropedological soil classifications (van Tol and Le Roux, 2019). The procedure used
for the digital soil maps (DSMs), is detailed in Harrison and van Tol (2022) and is briefly
described here. The soils of the three catchment areas were mapped and classified as per the
South African classification system (Soil Working Group, 2018) and then regrouped into
hydropedological soil types, namely, shallow recharge soils, deep recharge soils, interflow
soils, and saturated responsive soils. The dominant properties of these soils are provided in
Table 5.2.

Table 5.2.Dominant properties of the dominant hydropedological soil groups (Harrison and van
Tol, 2022)

Hydropedological soil group Characteristics of the soils

These are soils that are freely drained and do not show any
indication of saturation. They are typically shallow in nature
Recharge Shallow (<500mm). The freely drained B horizon merges with
fractured rock or a lithic horizon. These soils typically occur
on steeper convex slopes in the higher lying or steeper parts
of the catchments.

These are soils that are freely drained and do not show any
indication of saturation. They are typically deeper than the
Recharge Shallow Soils (>500mm). The freely drained B
Recharge Deep horizon merges into fractured rock or a lithic horizon. These
soils where identified throughout the catchments on gentler
convex and concave slopes and away from wetlands and
watercourses.
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Hydropedological soil group Characteristics of the soils

These soils have a freely drained upper solum which overlies
relatively impermeable bedrock. Hydromorphic properties
Interflow are identified at this interface and signify periodic saturation
associated with a water table. They typically occur on gentler
concave slopes in areas delineated as wetlands as well as
adjacent to watercourses.

These soils display morphological indications of long-term
saturation. They characteristically respond quickly to rainfall
events and generate overland flow as they are typically close
Responsive Saturated to saturation during the wet season and therefore any
additional precipitation will flow overland due to saturation
excess. These soils were identified in the valley bottom
positions of the catchments, in permanently saturated
wetlands. They typically occur on gentle concave slopes.

The ArcSIE (Soil Inference Engine) version 10.2.105 was used to create the DSMs. A rules-
based approach was first utilised based on knowledge of the catchments as well as the outcomes
of the creation of Digital Terrain Models (DTMs) with the following environmental control
variables applied to the rules: wetness index, slope, elevation, and planform curvature. The
rules applied were aimed at producing the optimal relationships between soil type and a
particular DTM (de Menezes et al. 2014, Zhu et al. 1997). The initial maps created following
the rules-based approach were then validated based on the information gained during soil
surveys undertaken within each of the catchment areas. The maps were refined according to
the validation points taken during these surveys. The final hydropedological soil group maps
are displayed in Figure 5.2. The performance of the ArcSIE interface to create the combined
hydropedological maps for each of the catchments was analysed using the Kappa coefficient
of agreement. The Kappa coefficient for CP-II1 is 0.57, for CP-VI is 0.59, and for CP-IX is
0.74, showing that there are some discrepancies between the hydropedological soil maps

created and the site-specific soils identified within the catchment areas.

5.2.4. Dominant hydropedological soil groups of the catchments

Comparison of the hydropedological soil group maps revealed that each catchment had a
different percentage of the various hydropedological soil groups. This is based on the different
topographies of the catchments as well as the various soil characteristics of each
hydropedological soil group (Harrison and van Tol, 2022). Table 5.3 gives an indication of the
dominant hydropedological soil groups in CP-I11, CP-VI, and CP-IX.
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Table 5.3.Percentage of the catchment area covered by each hydropedological soil group

CP-111 CP-VI CP-1X

Hydropedological soil ] )
Percentage of catchment covered by each hydropedological soil group

group

Recharge Shallow 18.3 17.1 27.6
Recharge Deep 43.3 33.8 38.4
Interflow 24.1 28.7 15.9
Responsive Saturated 14.3 20.4 18.1

As shown in Table 5.3, CP-lll, CP-VI, and CP-1X are dominated by the recharge deep
hydropedological soil group (43.3, 38.8 and 38.4 % of the catchment area respectively),
followed by the interflow soil group in CP-I11 (24.1 %) and CP-V1 (28.7 %), and the recharge
shallow group in CP-1X (27.6 %). CP-VI has a greater area classified as responsive saturated
soils (20.4 %) as compared to CP-111 (14.3 %) and CP-1X (18.1%).

By utilising the hydropedological soil group maps as well as the dominant groups identified in
each catchment, a theoretical interpretation of the various flowpaths for each catchment was

identified and described.

5.2.5. Piezometer installations

Piezometers were installed within the three catchments: six piezometers in CP-III, twelve in
CP-VI, and nine in CP-1X. The piezometers were installed in clusters of two or three within a
location, with this location chosen to represent the upper, mid, and lower portions of the
catchments. Furthermore, the position of the piezometers was chosen within wetland and
seepage areas of the catchments. In CP-I11 all piezometers were however installed in the lower
sections of the catchment area, as a result of a lack of seepage areas within the upper portions
of the catchment. This is due to the shallow nature of soils within the upper reaches of this

catchment.

Soil profiles were dug using an extension Dutch auger to refusal, with signs of a gleyic or gley
horizon noted within the profiles. These horizons display gleying and are considered indicators

of the redox state of the soil. Gley horizons are recognised by low chroma grey matrix colours
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which may contain blue or green tints. The gleyic horizon displays low chroma, grey and light-
yellow colours, with the morphology of this horizon indicating less reduction and shorter
duration of water saturation compared to the gley horizon (Soil Classification Working Group,
2018). A PVC pipe with slits cut around the end of the pipe to a height of 30 cm were then
installed into the auger holes. The diameter of the PVC pipe utilised ensured a close fit with
the hole. The piezometers were then capped, and measurements taken once a month between
January 2019 to June 2021, however due to a drought within the region, the majority of
piezometers only received water in September 2019 and thus this was chosen as the start point

for comparison of water levels.

As aresult of the drought conditions, some of the piezometers had to be discontinued, and thus,
water was sampled and water heights were recorded each month in five piezometers in CP-IIlI,
seven piezometers in CP-VI, and seven piezometers in CP-1X (Figure 5.1). The height of the
water within the piezometer was calculated from the surface of the soil to the depth of the water
table.
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@® Piczometers

—— CP Stream Network
Contours (5 m)

e Hydropedology Soil Group

I Recharge Shallow

Recharge Deep
CP-IX Interflow

I saturated Responsive
Figure 5.1: Location of the piezometers in relation to the hydropedological soil group in CP-
111, CP-VI, and CP-IX
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5.3. RESULTS AND DISCUSSION

5.3.1. Conceptual response based on hydropedological interpretations

From the hydropedological soil maps created for each catchment, coupled with the descriptions
of these dominant soil groups the principal hillslopes and flowpaths could be conceptually
described. These conceptual descriptions were used as a working hypothesis of how the
catchments’ function. The conceptual descriptions are then evaluated against site-specific

measurements.

When precipitation falls in the upper reaches of the three catchment areas it will enter the
hydropedological recharge soil group. The dominant flow direction in recharge soils is the
vertical flow of water through and out of the profile into the underlying bedrock. In the three
catchment areas this hydropedological soil group is separated into the recharge shallow soils
and the recharge deep soils. Recharge shallow soils occur in the steeper areas of the catchments,
and this forms their shallow nature (<500 mm). In this soil group the freely drained B horizon
merges with fractured rock or a lithic horizon. The recharge deep soils are similar to the
recharge shallow soils, but the thickness of the profile is far greater (>500 mm). This is largely
due to their position within gentler topographical areas of the catchments. Water that moves
through these soils would recharge the deeper aquifers associated with the catchment areas, or
if it encounters less permeable rock such as non-weathered and compacted sandstone or basaltic
outcrops, it will flow laterally, and recharge shallow aquifers associated with seasonal hillslope

seepage areas.

Interflow soils located downgradient of the recharge soils are associated with two dominant
flow paths. Precipitation would first flow vertically through the free-draining upper profile of
these soils before it encounters relatively impermeable bedrock. Hydromorphic properties have
developed at this point in the soil profile, signifying periodic saturation associated with a water
table. At this soil bedrock interface water will move laterally into the stream network or

downgradient.
The responsive saturated soils are located in the permanently saturated wetlands of the

catchment areas. These soils show morphological evidence of long periods of saturation such

as a gleyed matrix as well as mottling. They are close to saturation, particularly during the wet
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season and once saturated, and cannot attenuate any further water, will generate overland flow

to the stream network.

From the hydropedological soil maps created for each catchment, the dominant hillslopes and
flowpaths could be conceptually described. These conceptual descriptions were used as

working hypothesis of how the catchments’ function and then evaluated against measurements.

5.3.2. Precipitation and streamflow dynamics

Precipitation data for CP-1ll, CP-VI, and CP-IX during the study period September 2019 to
June 2021 showed that precipitation largely falls within the spring-summer months (September
to March), with little to no rain within the autumn and winter months (April to August) (Figure
5.2). There is a decline in annual rainfall from CP-111 to CP-VI to CP-IX. Furthermore, a greater
quantity of precipitation was recorded in all three catchments for the spring-summer season of
2020-2021 (CP-111 = 1492 mm, CP-VI =1307 mm and CP-I1X = 1045 mm) as compared to the
same season within the preceding year (2019-2020) as a result of the drought conditions
experienced in 2019 (CP-111 = 1150 mm, CP-VI = 842 mm, and CP-IX =771 mm).

Streamflow discharge values, like the precipitation values, were highest during the spring-
summer months, and lowest during the autumn-winter months. Streamflow discharge for the
study period also varied between catchment areas, with the greatest values obtained in CP-VI
(ranged from 0.0 mm to 18.89 mm), followed by CP-11I (ranged from 0.2 mm to 13.39 mm)
and CP-I1X (ranged from 0.0 mm to 11.81 mm).

The correlation between rainfall and streamflow values is non-linear, particularly during the
drier period associated with the drought conditions in 2019 as well as the seasonal variations
in the quantity of rainfall received. This is due to a lag time effect in the quantity of precipitation
that falls in the catchment and the corresponding rise in streamflow value that is noticeable
when comparing daily precipitation and daily streamflow discharge values within all three
catchment areas over the study period. As shown in Figure 3, a lag time effect occurs in all
three catchments from when a rainfall event occurs, to when there is a corresponding increase
in streamflow discharge. This lag time differs depending on the pre-rainfall event hydrological
conditions of the catchment. For example, following the end of the drought conditions
experienced in the catchment areas in 2019, the first large rainfall event took place between
06/02/2020 and 11/02/2020 in which 153.67 mm fell into the CP-VI. Given the largely
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desiccated conditions of the soils within CP-VI at the time, there is little effect of this rainfall
event on the streamflow discharge values during the same time period (streamflow discharge
has a combined value of 15.34 mm over the 5 days). No corresponding increase in streamflow
discharge takes place during the time of the rainfall event as well as within the following month
after the rainfall event. When a similar rainfall event took place in CP-V1 but during the wetter
season from 01/01/2021 to 06/01/2021, in which 138.94 mm of rain fell, there is a
corresponding increase in streamflow discharge approximately 1 month after the event from
29/01/2021 to 04/02/2021 (streamflow discharge has a combined value of 65.34 mm for the

time period).

In CP-1X a similar trend was noticed. Just after the drought of 2019, the same larger rainfall
event between 06/02/2020 and 11/02/2020 in which 139.45 mm fell, had little effect on the
streamflow discharge both at the time of the event as well as within the following month after
the event. Again, the desiccated soils were becoming saturated before they could contribute to
the streamflow. During the same rainfall event as in CP-VI, which occurred between
01/01/2021 to 06/01/2021, in which 136.91 mm of rain fell, there is a corresponding increase
in the streamflow discharge approximately one month after the event, where the streamflow
discharge has a combined value of 45.43 mm for the time period 29/01/2021 to 04/02/2021.
Given the wetter time in which the storm event occurred, the soils in the catchment were
already partially saturated, thus storm events which occurred during this time could lead to
over-saturation of the wetlands, and the subsequent creation of overland and shallow

subsurface flow, which contributed to the increase in streamflow discharge values.

Given the limited streamflow data available for CP-I11, obtaining correlation examples between
rainfall and streamflow discharge were not possible. However, a similar trend was noted in
comparison to CP-VI and CP-I1X, particularly in the time after the drought period. Following
the drought period, a rainfall event occurred between 03/12/2019 and 06/12/2019 in which
69.08 mm of rain fell. Little effect on the streamflow discharge is observed during the event
as well as within the following month after the event. The wetlands in this catchment were, like
in CP-VI and CP-1X, becoming saturated again. However, unlike CP-VI and CP-1X, once the
wetlands were saturated the corresponding rise in streamflow discharge values following a
rainfall event responded at a much quicker rate. For example, a rainfall event takes place from
the 28/12/2020 to the 15/01/2021. There is an immediate increase in streamflow discharge

values both during the event and in the following days after the event, with the streamflow
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values peaking (13.39 mm) on the 29/01/2021 following a 60.45 mm rainfall event the
preceding day.

So, while the hydrological preconditions of the soil groups in all three catchments play a pivotal
role in the storage and runoff dynamics of the catchment areas, in CP-11I there is a far more
immediate response in streamflow discharge following a rainfall event. This could be attributed
to the topography of the catchment, the streamflow network or the shallower soils within this
catchment, which have largely been created as a result of erosion brought about by the use of

the catchment as a Pinus patula plantation.
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5.3.3. Piezometer data and flow paths

The water table height within the areas where piezometers were installed varied throughout the
study period and was dependent on the depth of the soil profile, the location of the piezometer
within the catchment (i.e., the topographical position) as well as seasonal climatic variations.
Average depths to the water table showed that, following the end of the drought conditions, the
saturated responsive soils became saturated and remained so throughout the study period, while
the depth to the water table within the interflow soil group showed greater variation, in all three
catchment areas. The three catchment areas are explained in more detail in the following

sections.

5.3.4. CP-llI

In CP-I11, the average depth to the water table for the saturated responsive soil group, decreased
from 530 mm, following the end of the drought in September 2019 to 70 mm in November
2019 and remained between 30 mm and 150 mm for the rest of the study period, depending on
the seasonal variations in the rainfall received. In comparison the average depth to the water
table for the interflow soil group, remained at a depth of 1200 mm until January 2020, where
it decreased to 768 mm and then increased again to over 1000 mm during the dryer period of
2020 (March to September). Following the onset of the spring rains in October 2020, the
average depth to the water table decreased to 900 mm where it fluctuated throughout the wetter
summer period (between 800 mm and 1100 mm) depending on the rainfall received. With the
onset of the drier autumn to winter period from April 2021 the depth to the water table increased
again (1100 mm to 1200 mm) (Figure 5.3).

Individual piezometers followed a similar pattern to the average depth to the water table, with
the piezometers located in the saturated responsive soil group, becoming saturated in December
2019, and remaining at or near saturation for the entire study period, depending on the seasonal
rainfall received. This saturation level showed that when rainfall was received in the catchment,
the wetland systems became over saturated and contributed more to overland and shallow
subsurface flow toward the stream network (Figure 5.3). With regards to the piezometers
installed in the interflow soil group, C3-2 and C3-3 (average water depth is 1051 mm and 985
mm respectively), which were situated higher in the catchment, received more water compared
to C3-1 (average water depth of 1241 mm). C3-1 is situated in close proximity to the stream
network. All three piezometer locations are associated with deep water table depths, and this

could be attributed to this location contributing more to the baseflows of the stream discharge
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values and not to overland flow. The more water in C3-2 (average depth of 1051 mm) and C3-
3 (average depth of 985 mm) compared to C3-1 (average depth of 1241 mm), shows a down
gradient flow path from the upslope recharge soil group, through the interflow soils, where the

piezometers are located, and then laterally into the stream network.

Given the quicker rate in which the streamflow discharge values responded to rainfall events,
particularly once the wetland systems were saturated, and taking into account the deep-water
table depths of the interflow soils as well as the small size of the wetland systems in which the
saturated responsive soil piezometers were located, it is apparent that infiltration of rainfall
does not occur on the recharge soils during larger rainfall events but that rather overland or
shallow subsurface flow occurs and water reaches the streamflow network at a much quicker
rate.. This is most likely as a result of erosion, particularly from the upper reaches of the
catchment, and the resultant shallow nature of these recharge soils and therefore the reduced
recharge properties that these soil profiles. Figure 5.4 shows a diagram of these flow paths

during both the drier and wetter seasons.
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5.3.5. CP-VI

In this catchment the average depth to the water table within the piezometers installed in the
saturated responsive soils decreased from 720 mm in December 2019, following the onset of
rains after the drought period, and fluctuated between 200 mm and 18 mm for the remainder
of the study period. The average depth to the water table for the interflow soil group, fluctuated
between 700 mm (December 2019) to 287 mm (December 2020). The average depth to the
water table for the interflow soil group furthermore fluctuated depending on the rainfall
conditions, with an increase in the depth during the drier autumn to winter months and a

decrease in depth in the wetter spring to summer months (Figure 5.5).

As can be seen in Figure 5.5, each piezometer had a varied fluctuation in the depth to the water
table, with some piezometers remaining more saturated compared to others. In the saturated
responsive soil group, the C6-7 piezometer remained more saturated compared to the remaining
piezometers in this group, particularly during the drought conditions. The C6-3, C6-9, and C6-
10 piezometers which are situated higher in the catchment compared to the C6-7 piezometer,
became far drier during the drought conditions. With the onset of rains, and the end of the
drought period, these piezometers became saturated and then fluctuated slightly, depending on

the seasons and associated rainfall conditions. Once saturated, during rainfall events, the
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wetlands in which the piezometers were located would become over saturated and contribute

to overland and shallow subsurface flow (Figure 5.6).

Individual piezometers in the interflow soil group also responded differently. Saturation
content of the piezometers decreased from C6-8 to C6-6 to C6-11, with the C6-8 piezometer
consistently more saturated than the C6-6 and C6-11 piezometers. This piezometer was situated
in close proximity but outside of the permanently saturated areas of the C6-7 piezometer. The
C6-6 piezometer was furthermore located on the edge of the same wetland system. The C6-11
piezometer was located at the lower end of the catchment, adjacent to the weir and remained

drier throughout the study period in comparison to the other interflow piezometers.

These saturation levels of the piezometers show that the interflow soils largely contribute to
the baseflow of the streams following a downgradient movement of water from the higher
reaches of the catchment, before moving laterally into the stream network (Figure 5.6). During
the drought, the wetland system located where the piezometers C6-6, C6-7, and C6-8 (average
depth to water table from September 2019 to February 2020 was 436 mm) were installed,
attenuated more water compared to other wetland systems (average depth to water table from
September 2019 to February 2020 was 682 mm)within the catchment. Water moved
downgradient from the upper reaches of the catchment and was attenuated within this wetland
before moving further downgradient toward the outlet of the catchment area. This movement
of water within the drier phase of the study period contributed to the baseflow of the stream
network. Once the rains began, the wetland in which the C6-6, C6-7, and C6-8 piezometers
were installed became wetter (average depth to water table increased to between 50 mm and
270 mm in January 2020) at a quicker rate than other wetlands within the catchment and started
contributing to overland and shallow subsurface flow. The wetlands in which C6-3, C6-9, and
C6-10 piezometers were installed became saturated in January/February 2020 (average depth
to the water table increased to between 10 mm and 210 mm in February 2020) and then

contributed to overland and shallow subsurface flow (Figure 5.6).
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5.3.6. CP-IX

In CP-1X the average depth to the water table for the saturated responsive soil group decreased
from 487 mm to 102 mm following the onset of the rains by January 2020. The average depth
to the water table then remained between 200 mm and 75 mm depending on the seasonal
variation of rainfall received. The average depth to the water table for the piezometers installed
in the interflow soil group also decreased following the onset of rains from 1000 mm in
September 2019 to 326 mm in January 2020. The fluctuation of the average depth to the water
table then also followed the seasonal variation in the rainfall received, but this variation was
more pronounced in comparison to the saturated responsive soil group (depths ranged from
636 mm at the start of spring in October 2020 to 211 mm in February 2021) (Figure 5.7).

The depth to the water table was different in the individual piezometers. In the saturated
responsive soil group, C9-3 remained more saturated, even during the drought conditions
compared to the other piezometers (water table depth remained at 10 mm until January 2020),
followed by C9-4 (water table depth fluctuated between 400 mm and 75 mm until January

2020). C9-5 and C9-9 dried out in comparison and became saturated again in January 2020
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with a decrease in water table depth from 750 mm to 140 mm in C9-5 and a decrease from 630
mm to 185 mm in C9-9 (Figure 5.7).

Piezometers located in the interflow soil group had a greater depth to the water table during the
drought conditions, with this depth decreasing following the onset of rains until they reached
a peak depth in January and February 2020. The C9-1 and C9-2 piezometers (average water
table depth of 330 mm and 460 mm respectively) which are situated higher up in the catchment
remained more saturated compared to C9-6 (average water table depth of 797 mm) which is

situated mid catchment.

As was the case in CP-I11 and CP-VI, the interflow soils contribute more to the lateral flow of
water in the sub-horizons of the soil profile (average water table depth ranges from 1000 mm
and the base flow of the streams within the catchment. The saturated responsive soils, which
become saturated and remain so, contribute both to the baseflow of the streams as well as storm
flow, in the form of overland and shallow subsurface flow once they become saturated. Figure

5.8 shows a diagram of these flow paths during both the drier and wetter seasons.
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Figure 5.7: Comparisons of piezometer data installed in the interflow and saturated responsive
soils in CP-IX
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Figure 5.8: Flow path diagrams for a) the drier periods and b) wetter periods for CP-IX

5.3.7. Catchment specific attributes affecting the hydropedological flow paths

Data obtained from the climatic and hydrologic variables (rainfall and streamflow discharge)
as well as the piezometers, shows that water moves through the soils of the catchment areas
before contributing to the streamflow. The various hydropedological soil groups of the
catchment area, which affect the flow rates of water through the catchment before it contributes

to streamflow therefore play a pivotal role in the flow dynamics of the catchment areas.

These hydropedological soil groups were mapped following a digital soil mapping process, and
while this allowed us to gain a general understanding of the dominant flow paths of these
catchment areas, the more detailed investigation of the climatic, hydrologic and water table
depth fluctuations have shown that the hydropedological characteristics of the catchment areas

are both specific to the catchment and are created as a result of various interrelated factors.

The various interactions between the flow dynamics of the hydropedological soil groups of an
area and how they become disconnected and reconnected to each other during drying and
wetting cycles is unique to the various landscapes in which the flow paths are situated. A

number of studies have been conducted in a variety of landscapes (D’Amore et al. 2012,
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MacEwan et al. 2012, Zuecco et al. 2019). However, studies conducted in mountainous
landscapes highlight the effect of the lower reaches of catchment areas continuously receiving
water from the steeper surrounding hillslopes and these flow dynamics contributing to the
baseflow of streams. During the wetter periods, the connectivity between the various
hydropedological soil groups becomes more established and this allows for the generation of
greater overland and shallow subsurface fluxes of water, particularly during larger rainfall
events. These flows contribute to peaks within the streamflow hydrographs during storm events
(van Tol et al. 2010, Tetzlaff et al. 2014, Blumstock et al. 2016, Pinto et al. 2018).

The connectivity between the hydropedological soil groups is furthermore influenced by the
topography of the mountain catchments. In CP-VI for example, the wetland, in which the C6-
6, C6-7, and C6-8 piezometers were installed, and that remained more saturated when
compared to other wetland systems in the catchment, is situated in an area with a gentler slope
as well as a concave landform. Various studies have shown similar findings, with catchment
areas that have gentler terrain resulting in poorer drainage conditions and therefore the storage
of higher volumes of water. Areas with steeper terrain increases the hydraulic gradients of the
soils thus increasing the flow between the different hydropedological soil groups and reducing
the storage capacity of these soils (Tetzlaff et al. 2014, Lazo et al. 2019). This influence of

topography on the flow dynamics should be studied further within these research catchments.

A further effect on the hydropedological characteristics of the catchment areas is both the
historic and current land management practices. The hydropedological dynamics of a site in a
certain time is not the result of present processes and events but is related to and strongly
influenced by the land use management history as well as the natural plant succession patterns
(Gomez-Tagle, 2009).

In CP-I11, the historic use of the area as a Pinus patula plantation and the subsequent lack of
rehabilitation has led to a decrease in basal cover and erosion, particularly of the upper reaches
of this catchment. This erosion has created shallower soils and therefore reduced the storage
capacity and infiltration rates of the recharge hydropedological soil group. This reduced
infiltration capacity has likely changed the flow dynamics of the catchment, compared to what
would have been historically present, and this is evident in the quicker response of the
streamflow discharge values following a rainfall event during the wetter periods of this study.

The impact of erosion on the hydropedological characteristics of a catchment area has been
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highlighted in other studies, with Pinto et al. (2016) identifying that soils with a degraded
structure tend to have increased bulk density and consequently a decrease in soil porosity. This
impacts on the water movement in the soil profile, having knock-on effects at the landscape
scale. Fu et al. (2011) showed that rainfall infiltration into shallower soils, will reach the
bedrock interface quickly and flow along this interface as preferential flow. The slope runoff
from these areas will therefore appear to occur as subsurface stormflow (i.e., similar to overland
flow) but occurring at the shallow soil/bedrock interface. In areas of thicker soil profiles, as is
the case in CP-VI and CP-IX rainfall infiltration into the deeper recharge soils will supply the

stream network largely as shallow groundwater and contribute more to the baseflow.

The erosion of the upper reaches has also led to deeper deposition areas within the lower
reaches of CP-I11. It is within these deposition areas that the interflow soil group piezometers
were installed. When comparing the depth to the water table in all interflow soil group
piezometers from the three catchment areas, CP-111 has the deepest water table depths. This is
due to the burying of the original soil profile by sediment which has been eroded from the top
of the catchment and this has implications for the flow dynamics of this area of the catchment.
Dikinya et al. (2006) showed that in areas of deposition, soil particles have been mixed and
this causes changes in the pore structure of the soil matrix resulting in pore clogging and the
reduction in the soil hydraulic capabilities. Thus, in these areas of CP-Ill, there is likely to be
a slow reconnection of the subsurface flow paths following dry periods and these flow paths
reconnecting to the stream network. This is shown in the fact that the interflow soil group
piezometers located in the depositional areas did not have a substantial increase in water table
depth throughout the study period in comparison to the interflow soil group piezometers in CP-
VI and CP-IX and thus are likely to contribute slowly to the baseflow of the stream network
and not to the stormflow peaks of the hydrograph of this catchment even following large

rainfall events.

CP-VI is managed as a mesic grassland interspersed with wetland systems, while the fire
exclusion since 1952 in CP-IX has led to this catchment becoming a woody dominated area.
When comparing CP-VI and CP-IX fluctuations in the average water table depths of the
saturated responsive soil groups show that in both catchments the wetland areas dried out to an
extent during the drought period, and these became re-saturated in January/February 2020 and
then remained saturated throughout the study period. The wetlands in both catchments

contributed to shallow sub-surface flow and at times overland flow depending on rainfall
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conditions. The average water table depth of the interflow soil group also followed similar
patterns when comparing the two catchment areas. The effect of plant cover on the
hydropedological characteristics of catchment areas has been reported in different
environmental settings (Zimmerman et al. 2006, Zou et al. 2007, Gomez-Tagle, 2009, Zuecco
et al. 2019), with these studies showing that woody cover areas have greater infiltration rates
compared to pasture areas and that tree canopies can reduce the interception of rainfall within
catchment areas, influencing infiltration rates within soils (Zou et al. 2007). These studies are
conducted in commercial plantations, fallow pastures, and old wood forests. The results of this
study, suggest that the flow dynamics of each catchment area not a product of land cover but

are a factor of a combination of interrelated components.

The pivotal role that the wetland systems play in the streamflow dynamics of the catchment
areas has been highlighted in this study. The drying and wetting cycles of individual wetland
systems as well as specific saturation zones of these wetlands influenced both the baseflow
connectivity as well as the overland flow during wetter periods. Furlan et al. (2020) identified
similar findings utilising remote sensing techniques to show how a wetland system has different
internal saturation compartments and how these both differ in saturation content depending on
the climatic conditions as well as how they differ in providing lateral flow and overland flow
to downgradient environments. Tetzlaff et al. (2014) furthermore utilised isotopes to show that
baseflow within the stream network is predominantly from pre-event water (or dryer cycles)
with larger rainfall events (particularly during the wetter cycles) displacing this water within
the wetland systems and moving it as overland flow to the stream networks. The contribution
of wetland systems to the stream network is therefore a heterogeneous and complex interaction
of a both the soil physical properties, the climatic conditions, and the land management of an
area. This has an impact on areas within the catchments classified as saturated responsive soils
as these areas do not always contribute to overland flow, but rather the timing of their
contribution to both baseflow and overland flow is specific to the wetland system, its location
within the catchment, and climatic variables. Future isotopic studies within the Cathedral Peak
research catchments are recommended to help gain a deeper understanding of flow dynamics

from the wetland systems to the stream networks.
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5.4. CONCLUSION

This study has highlighted the effects of climate, hydrologic conditions, land management and
soil properties on the hydropedological characteristics of three montane catchment areas. The
results suggest that a number of factors which are interrelated play a key role in determining
the flow paths and the connection between flow paths in these areas. These factors are
dominated by antecedent soil moisture, rainfall intensity, the duration of dry and wet periods
as well as the depth of soil profiles.

The conceptual interpretation of the hydropedological flow paths of each catchment area
following the creation of the digital soil maps, provided a general understanding of the flow
paths and storage areas of these watersheds. However, utilising catchment specific climate and
streamflow data, coupled with water table depth measurements as well as an understanding of
how historic and current land management practices have influenced the soil properties, we
were able to gain a more accurate interpretation of the response of each hydropedological soil
group following a rainfall event. The dominant role of wetland systems and how these have
drying and wetting cycles (the average water table depth ranged from 520 mm to 20 mm in
CP-I11, from 720 mm to 28 mm in CP-VI and from 487 mm to 51 mm in CP-1X) are the key
focus in understanding the connectivity between the hydropedological flow paths and the
contribution of soil water to the stream networks of the three catchments.

Given the importance of small mountain watersheds in maintaining water supplies to
downgradient systems, the understanding of how streamflow is generated and maintained in
these headwater catchments is of importance. This is particularly so in understanding the
importance of the water storage capacity and water flux rate of the wetlands of the catchments
in creating a buffering capacity against hydroclimatic variability which is becoming an ever-
increasing reality (Blumstock et al. 2016). The health of the wetland systems in storing water
during droughts, and their capacity to become saturated quickly and then contribute to the
stream network is an important consideration in the ecological services these mountain

headwater catchments provide.
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Abstract

Study Region
Three Afromontane catchments in the Cathedral Peak experimental research site, within the

uKhahlamba-Drakensberg escarpment, KwaZulu-Natal, South Africa.

Study Focus

Gaining insight into the hydropedological behaviour of catchments enables a deeper
understanding of the unique lateral flow dynamics of a landscape and how these affect the
hydrological cycle. This study aimed to highlight the importance of understanding the
hydropedological behaviour of soils to improve modelling accuracy.

New hydrological insights

Two sets of SWAT+ models were set up for each catchment. The default lateral time, which is
the measure of the time required for water to flow through the catchment before being
discharged into the stream, was used in the first set up. Specific lateral time inputs, derived
from hydropedological soil maps, were utilised in the second model set up and the results
compared against observed streamflow. The specific lateral time inputs were based on
measured hydraulic properties of the soils coupled with the location of hydrological response
units within hydropedological soil maps created for each catchment. The specific lateral time
inputs improved modelling accuracy in all statistical parameters used, R? (i.e., 0.550 to 0.903),
PBIAS (i.e., 19.742 to 18.239), ST DEV (i.e., 63.42 to 51.81), NSE (i.e., 0.316 to 0.864) and
KGE (i.e., 0.630 to 0.807). This study has highlighted that relevant soil information, based on

reliable site-specific data, is essential in hydrological modelling.
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6.1. INTRODUCTION

One of the important components of addressing challenges related to water resource
management is understanding the interaction between water resources and the soil profile
(Kahmen et al. 2005, Smith, 2014, Wei et al. 2016, Zhang et al. 2015). This is because soil and
water are the fundamental elements in understanding the hydrological response of catchments
and therefore the way in which a catchment responds to different management regimes
(Bouma, 2016).

In a catchment, each soil type is expected to have a unique influence on its hydrology (van Tol,
et al. 2013) which also directly regulates soil water flows (Mamera and van Tol, 2018). Soils
therefore play a crucial role in rainfall-runoff processes and constituent loading. Soil properties
that relate to the rate of infiltration, or ability to store water, significantly affect the water
balance in watersheds (Geroy et al. 2011, Krpec et al. 2020). These soil properties include
texture, organic matter content, bulk density/porosity, hydraulic conductivity, and water
retention characteristics. Some of these properties e.g., texture and organic matter, are easily
measured and typically recorded during routine soil surveys. These properties are then used to
predict those properties which are laborious and expensive to measure (e.g., water retention
and hydraulic conductivity) through pedotransfer functions (Bouma, 1989; Vereecken et
al.1992, Vereecken et al. 2016). Poor results in hydrological modelling are however produced
when simulation models assume homogeneity in soil properties and particularly pedotransfer
functions as these functions are only applicable in areas where they were developed (Bouma et
al. 2011, Bouma, 2016). To reduce the uncertainty in model outputs, realistic site-specific input
data are needed (Robinson et al. 2012).

Hydropedology is an interdisciplinary science, incorporating the concepts of pedology, soil
physics, and hydrology to understand soil-water interactions at various scales (Lin, 2003, Lin
et al. 2005, 2006). It can therefore provide a significant contribution to the better understanding
of soil-water interactions in a specific landscape. Considering hydropedology in watershed
modelling has the potential to improve accuracies as its approach is to partition rainfall into
infiltration and runoff, thereby redistributing water in soils and landscapes (Bryant et al. 2006)
and highlighting the effects of lateral flow on the streamflow dynamics of a landscape (Me et
al. 2015).
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Understanding the unique lateral flow dynamics of a landscape and how these strongly alter
the flow patterns of water, is an important component in hydrological modelling (Bouma,
2006). This is due to runoff potential being influenced by soil properties such as depth to
seasonal water table, saturated hydraulic conductivity, and depth to impermeable barriers.
These properties determine the rate of infiltration during both dry periods and after prolonged
wetting (Bryant et al. 2006, Neitsch et al. 2002), having an influence on the streamflow

dynamics of catchment areas.

The KwaZulu-Natal Drakensberg is a mountain escarpment that forms the watershed between
the interior catchments of Lesotho and the rivers in KwaZulu-Natal, thus enabling this province
to contribute to a quarter of South Africa’s streamflow (Nel, 2009, Whitmore, 1970). This
escarpment is therefore crucial for runoff generation, and it is consequently classified as a
strategic water source area (Le Maitre et al., 2018). The runoff generation from the montane
catchments of the Drakensberg not only supplies KwaZulu-Natal’s water needs but is important

in maintaining the water requirements of the economic hub, Gauteng (Nel, 2009).

The main aim of this study was therefore to highlight the importance of understanding the
hydropedological behaviour of soils within three Afromontane catchments of this escarpment
to improve modelling accuracy. The hypothesis for this study tests that hydropedologic
information is needed to understand how water moves through a watershed and model the
length of time required for water to flow through the catchment as it dictates the partitioning
of rainfall between runoff and infiltration. This is achieved through the following objectives:
digital soil mapping of the hydropedological behaviour of the three catchments, utilising
detailed soil data, particularly of the hydraulic properties of the soils, and using modelling to
simulate a more accurate representation of the flow dynamics of the three catchment areas. Our
aim was not to calibrate our SWAT+ models. According to Oreskes et al. (1994) the term
calibration refers to the process of the manipulation of independent variables of the model to
obtain a match between the simulated results and the observed results. It is therefore the process
of adjusting model parameters so that the model is forced into particular margins. We did not
aim to do this but rather we used the best available data for the catchments to set the models
up and then improved the models with the use of detailed soil information in the form of
specific lat_time information. We did not perform calibrations on any parameters of the model.
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6.2. MATERIALS AND METHODS

6.2.1. Study area and collection of monitoring data

Details of the study area as well as collection of monitoring data are given in Chapter 3. It must
be noted that between 1987 and 2015, little to no data were collected in any of the three
catchment areas due to funding constraints. Thus, this time period was excluded from the model
runs. Furthermore, accidental fires, weir silting, and equipment problems has led to periods of
missing data from 2016 to 2021 in CP-I1l and CP- IX.

6.2.2. Soil and Water Assessment Tool

For this study, the Soil and Water Assessment Tool (SWAT) + version 1.2.2 with QSWAT
version 3.10.9-A Corufia was utilised to set up the hydrological models. Model inputs include
spatial information, terrain, climate, soil, and land-use. SWAT+ is an adjusted and more
flexible version of SWAT (Arnold et al. 1998, Bieger et al. 2016), which is one of the most
widely used hydrologic models in the world, being applied in many watersheds across the globe
(Bieger et al. 2016). SWAT is a physically based semi-distributed hydrologic model operating
on a daily time step to calculate runoff. SWAT+ combines land processes and land management
with channel processes to create a more spatially represented outcome of the interactions and
process within a watershed (Bieger et al. 2016), with improved runoff routing capabilities
(Bieger et al. 2019, Kakarndee and Kositsakulchai, 2020). The SWAT+ model divides
subbasins into water areas and landscape units (LSUs). The LSUs are then subdivided into
Hydrological Response Units (HRUSs), which are designated as separate spatial objects, with
their hydrologic interaction, defined by the user. For example, an HRU can have an interaction
with an aquifer as either overbank flow, lateral flow, or surface flow and this can be set by the

user based on site specific details (Bailey et al. 2020).

6.2.3. Model inputs
6.2.3.1.Terrain, land-use, and climate
Data inputs for the SWAT+ model include a Digital Elevation Model (DEM), land cover

information, climatic data as well as soil information. A 5 m resolution DEM (Ezemvelo KZN
Wildlife et al. 2016) as well as the 2013-2014 SA land cover map information with a 30m
resolution (Geoterraimage, 2015) were utilised. Given that the land cover of CP-Ill was
plantations of Pinus patula until 1981, historic model runs of this catchment area utilised a

separate land cover map, created to represent this more accurately. Weather data were obtained
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from SAEON. Rainfall and temperature data have been recorded on a daily basis from 1950,
with additional weather data (solar radiation, relative humidity, and wind speed) available from
2012 (Toucher et al. 2016). Rainfall data were obtained for each individual catchment, while
the remaining weather data including temperature, relative humidity, wind speed and solar
radiation were obtained from the Mikes Pass weather station (GPS Coordinates:
28°58'32.10"S; 29°14'8.83"E) located approximately 2km (CP-111), 4km (CP-VI), and 6km
(CP-IX) from the catchments. While more site specific than utilising data from the global
SWAT+ database, the use of weather data from the Mikes Pass weather station is seen as a

limitation to the study as a result of the distance between catchments and this station.

6.2.3.2.S0il Maps
The soil maps utilised in this study were created following a digital soil mapping exercise for

the three catchment areas. The procedure used for the digital soil maps (DSMs), is detailed in
Harrison and van Tol (2022) and is briefly described here. Soil maps of the three catchments
were classified using the South African classification system (Soil Working Group, 2018) and
then regrouped into hydropedological soil types, namely, shallow recharge soils, deep recharge
soils, interflow soils, and saturated responsive soils, based on the classifications from van Tol
and Le Roux, (2019). These groups of soils convey water differently and thus have different
hydropedological behaviour. The ArcSIE (Soil Inference Engine) version 10.2.105 was used
to create the DSMs. A rules-based approach was first utilised based on knowledge of the
catchments as well as the outcomes of the creation of Digital Terrain Models (DTMs) with the
following environmental control variables applied to the rules: wetness index, slope, elevation,
and planform curvature. The rules applied were aimed at producing the optimal relationships
between soil type and a particular DTM (de Menezes et al. 2014, Zhu et al. 1997). The initial
maps created following the rules-based approach were then validated based on the information
gained during soil surveys undertaken within each of the catchment areas. The maps were
refined according to the validation points taken during these surveys. These final
hydropedological soil group maps (Figure 6.1) were then utilised as the input maps for the
SWAT+ model.
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Figure 6.1: Hydropedological soil group maps utilised for the SWAT+ model for (A) CP-III,
(B) CP-VI, and (C) CP-1X, adapted from Harrison and van Tol (2022)

6.2.3.3.Soil parameters

Detailed soil information was obtained from a combination of laboratory-based assessments
for both particle size analysis utilising the pipette method (Gee and Bauder, 1986) and carbon
analysis using the Leco element analyzer, (St. Joseph, Michigan) as well as the work by
Kuenene et al. (2007). This work provided details on the bulk density (Bd) and available water
capacity (AWC). Saturated hydraulic conductivity (Ks) was calculated was calculated with
Rosetta, which is a plugin pedotransfer function available in HYDRUS-1D, version 4.17.0140
(Simunek et al. 2008) from the particle size analysis for the different horizons for each soil

group.

Kuenene et al. (2011) utilised a combination of measured hydrograph and soil water content
data to create drainage curves for the main soils associated with CP-VI. These drainage curves

were created from measuring the soil water content at appropriate time intervals from a
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saturated profile until the decrease in soil water content becomes negligible (Hensley et al.
1993). Soil water content was measured using neutron water meter access tubes for a period of
four years, between 1991 and 1994, along a 200m transect in CP-VI. Over the four years
approximately weekly soil water content measurements were made at 0.25 m depth intervals.
Evapotranspiration values were then subtracted from the total change in soil water content to
give the actual change in soil water content due to drainage. The volumetric water content
versus time data is used to construct a drainage curve for the particular profile. This was
undertaken in three separate profiles of the soils associated with CP-VI to represent deep soils
(1800 mm), moderately deep soils (1600 mm) and shallow soils (1300 mm). The main
components of the streamflow in CP-VI were identified to be attributed to overland flow and
subsurface flow from the vadose zone. This information resulted in the formation of a series of
time-steps (in days) that shows how water flows through the catchment and contributes to the
streamflow. An example of a drainage curve produced by Kunene et al. (2011) is shown in
Figure 6.2. Here the different phases, marked P1 to P6 of the hydrograph are displayed in
relation to the time taken for water to move through the catchment.

P1 - Overland Flow
P2 — Shallow Lithic layer draining to high lying watercourses.

4500 P3- Moderately deep soils draining to nearby high lying watercourses.

P4 —Drainage from subsoils of deep soil profiles into nearby high lying
— P1-4076m*/day watercourses.

-\ . P5 — Drainage from deep gleyic horizons into high lying watercourses.
\_-P2=3099.50m*/day
¢ - _ _

)\/\/Pi —2206.65m3/day P6 — Drainage from permanently saturated soils from whole catchment

area
\’, P4—1622.25mday
\/\' P5—857.25m"/day
— ]
/ L\\_\\

500 J |

P6—438.78m’/day

Figure 6.2: Hydrograph for CP-VI for the period 24/03/1991-07/10/91, together with the
average flow rates per day during six phases, marked P1 to P6 (Kunene et al. 2011)

Utilising these results, along with the hydropedological soil group maps, it was hypothesized
that the data obtained from the drainage curves formed in CP-VI could be transferred to the
lateral time (lat_time) it takes for each hydropedological soil group to contribute to the
streamflow. The lat_time is the flow time required for water to flow through the catchment

before being discharged into the stream. Within SWAT+ the default value is set to 0 by default,
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which allows the model to calculate the travel time based on the soil hydraulic properties input
into the model (Neitsch et al. 2002).

Based on the information obtained from the drainage curves and subsequent identification of
the travel time required for water to move through CP-VI and be discharged within the
streamflow (Kunene et al. 2011), the lat_time input data were then manually specified within
the model. This was undertaken to test the hypothesis that this information will improve the

accuracy of the model simulations.

6.2.4. Model setup

The model was configured individually for each of the three catchments. Once the individual
models were created the phenology trigger for the plant communities was set as a moisture
trigger for growth. Moisture was chosen as the growth trigger over temperature as a number of
studies have highlighted that plant growth dynamics are mainly controlled by rainfall rather
than temperature in sub-Saharan Africa (Alemayehu et al. 2017, Lotsch et al. 2003, Nkwasa et
al. 2021). Furthermore, studies in CP-VI have identified that soil moisture and particularly
subsurface flow are major contributors to the hydrology and overall ecological drivers of the

catchment (Everson et al. 1998).

The model was initially configured and run using the default lat_time. Following this, a second
run was conducted, where a specific lat_time was used, and all other parameters held constant.
The specific lat_time inputs were based on the location of the HRU within the
hydropedological soil group map which was used as one of the base maps for delineating the
HRUs. Depending on the location of the HRU and the associated hydropedological soil group,
a specific lat_time number was manually input into the model. These model runs were
undertaken for two time periods as a result of the gap in data between 1987 and 2015. One run
was therefore based on historic data and one run on current data. This was to establish whether
the inclusion of specific lat_time values within the model improves the accuracy of the model
both in the long term (historic period) and well as more short term (current period) data sets.
For CP-111 the time periods were 1957-1983 (historic) and then 2015-2021 (current), for CP-
VI the time periods were 1962-1987 and then 2015-2021 and for CP-1X the time periods were
1957-1987 and then 2016-2021.
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6.2.5. Model validation

Observed streamflow data were obtained from SAEON. Both daily streamflow and the sum of
the daily streamflow as a monthly timestep was utilised in comparisons with the simulated
results. In a review of SWAT papers Gassman et al. (2014) showed that the majority of studies
cite Moriasi et al. (2007) with regards to judging the success of their SWAT testing results.
The strongest results of these papers are reported for the aggregated annual and monthly
timesteps. However, Gassman et al. (2014) also noted that over half of these studies further
report relatively strong daily timestep statistics. There is thus an increasing number of SWAT
studies reporting successful testing at a daily timestep. The use of monthly and daily timesteps
in this study was therefore to highlight the strong statistical results for an improvement in the

modelling accuracy.

The performance of the simulated results compared with the observed streamflow was analysed
using the Nash-Suttclife Efficiency (Nash and Sutcliffe, 1970), as well as the alternative metric,
the Kling—Gupta Efficiency (KGE). The Nash-Suttclife Efficiency (NSE) indicates how well
the plot of observed versus simulated data fits the 1:1 line. NSE ranges between -0 and 1.0,
with 1.0 being the optimal value. Values between 0.0 and 1.0 are generally viewed as being
acceptable levels of performance (Knoben et al. 2019). The NSE is however sensitive to peak
flows at the expense of a better performance during low flow conditions (Krause et al. 2005).
The KGE was developed by Gupta et al. (2009) to address shortcomings in NSE and is
increasingly utilised in model calibration and evaluation. However unlike in the NSE, there is
no specific meaning attached to KGE = 0. The mean flow is therefore used as a KGE
benchmark, and model simulations between -0.41 < KGE < 1 are considered as reasonable
performance (Knoben et al. 2019).

The coefficient of determination (R?), percent bias (PBIAS), and the percent difference in
standard deviation (ST DEV) were additional criteria used for the performance evaluation. The
PBIAS measures the average tendency of the simulated data to be larger or smaller than the
observed data. The optimal value of PBIAS is 0.0, with positive numbers indicating an
overestimation, and negative values indicating an underestimation of the model (Gupta et al.
1999).
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Equations 1 to 3 were used to calculate the performance indices:

" obs sim]?
Q. e =y ]

NSE =1- - - (1)
lzi=1(yiobs _ Yimean) J
2 2
KGE =1- ‘/(r— 1)2+(2ﬂ_ 1) + (“ﬂ_ 1)
obs Hobs (2)
X, (5P = ¥™) + 100
PBIAS = = — )
2, (%)

where Y°PS is the ith observation for the evaluated model, Y™ is the ith simulation for the
evaluated model, ¥;™°%" is the mean of the observed data for the evaluated model and n is the

total number of observations.

r is the linear correlation between observations and simulations, 8, IS the standard deviation
in observations, &, the standard deviation in simulations, ug, the simulation mean,

and u,psthe observation mean.

Graphical representations showing the comparison between the observed flow, default lat_time
and specific lat_time simulations were created. A flow duration curve was created for each
model run as an additional performance diagram for the models. The flow-duration curve is a
cumulative frequency curve that shows the percent of time during which specified discharges
(the observed streamflow of the catchments) were equalled or exceeded in a given period. Flow
duration curves set up at a specific site have a key role to play in the knowledge of the
streamflow characteristics at that site. This is due to the flow duration curves providing
information on the flow variability of the water regime of a specific site during a specific period
of interest (Ridolf et al. 2018). The flow duration curves show the improvement in the specific

lat_time model runs in this study.

6.2.6. Sensitivity analysis
Sensitivity analysis was conducted on the lat_time parameter in order to determine if this

parameter contributes greatly to the model outputs (sensitive parameter) or if it has only minor
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relevance (non-sensitive parameter) to the overall performance of the model simulations
(Moreira et al. 2018). The model run for CP-VI current time period was chosen for the
sensitivity analysis as the specific lat_time parameters were derived from the drainage curves
created for this catchment. The value range for lat_time within the SWAT+ model is 0 to 180
days. An initial mean value of 65 days was utilised within the sensitivity analysis as CP-V1 is
largely dominated by HRUs within the hydropedological soil group with a lat_time of 65 days.
Lenhart et al. 2002, calculates a sensitivity index, I, as a ratio between the relative change of
the model output and the relative change of the parameter (lat_time input). A change of 25%
of the entire lat_time range (0-180 days) was utilised. This method does not account for

interactions among different parameters.

Sensitivity was calculated based on the equation by Lenhart et al. 2002:

;= O2-yD/vo

24x/xq
in which I is the sensitivity index, yo is the model output calculated from the initial value (xo),
which in this case is 65 days. This initial parameter is varied by +Ax (25%) yielding x1 and x2
with corresponding y: and y2 values. The calculated sensitivity indices were ranked into four
classes (Table 6.1) as per (Lenhart et al. 2002).

Table 6.1: Sensitivity classes (Lenhart et al. 2002)

Class Value Range Sensitivity
I 0.00-0.05 Small to negligible
I 0.05-0.20 Medium sensitivity
i 0.20-1.00 High sensitivity
v >1.00 Very High sensitivity
6.3. RESULTS

6.3.1. Lateral time used in the model hypothesis
The lateral times taken for each hydropedological soil group to contribute to the streamflow

within CP-VI is displayed in Table 6.2. The same lateral times were applied to CP-11l and CP-
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IX as the soil forms and associated characteristics are similar in all three catchments studied.

These times were input into each of the models set up for each of the three catchments based

on the location of the HRU within the hydropedological soil group map.

Table 6.2: Lateral time required for water to move through each hydropedological soil group

before it contributes to streamflow (adapted from Kunene et al. 2011)

Hydropedological Soil
Group

Lateral Time (days)
required for water to move
through the

hydropedological soil group
as per the drainage curves
from Kunene et al. (2011)

Dominant drainage processes and

sources of water

Recharge Shallow Soils

6

These are soils that are freely drained
and do not show any indication of
saturation. They are typically shallow in
nature (<500mm). The freely drained B
horizon merges with fractured rock or a
lithic horizon. These soils typically
occur on steeper convex slopes in the
higher lying or steeper parts of the
catchments. The recharge shallow soils
drain

rapidly into nearby drainage

channels and wetlands.

Recharge Deep Soils

24

These are soils that are freely drained
and do not show any indication of
saturation. They are typically deeper
than the
(>500mm). The freely drained B horizon

Recharge Shallow Soils

merges into fractured rock or a lithic
horizon. These soils where identified
throughout the catchments on gentler
convex and concave slopes and away

from wetlands and watercourses.
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Hydropedological Soil
Group

Lateral Time (days)
required for water to move
through the

hydropedological soil group
as per the drainage curves
from Kunene et al. (2011)

Dominant drainage processes and

sources of water

Drainage from the vadose zone of the
deep recharge soils flows into nearby

drainage channels and wetlands

Interflow soils

65

These soils have a freely drained upper

solum  which  overlies relatively
impermeable bedrock. Hydromorphic
properties are identified at this interface
signify
associated with a water table. They

and periodic  saturation
typically occur on gentler concave
slopes in areas delineated as wetlands as
well as adjacent to watercourses.
Drainage from the deep phreatic zone of
the interflow soils flows into drainage
channels and wetlands. The wetlands in
all three catchment areas remain
saturated throughout the year and are
thus continuously fed through this

drainage process.

Responsive Saturated

85

These soils

indications of

display morphological

long-term  saturation.
These soils were identified in the valley
bottom positions of the catchments, in
permanently saturated wetlands. They
typically occur on gentle concave slopes.
Drainage from the responsive saturated
soils flows through the wetlands and
drainage channels. The wetlands in all

three catchment areas remain saturated

throughout the vyear and are thus
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Hydropedological Soil | Lateral Time (days) | Dominant drainage processes and
Group required for water to move | sources of water

through the
hydropedological soil group
as per the drainage curves
from Kunene et al. (2011)

continuously fed through this drainage

process as well as the interflow process.

6.3.2. HRU and hydropedological soil group outputs

Both model outputs in all three catchments had the same HRUs as the same input data were
used in both model simulations with the exception of specific inputs in the lat_time. For CP-
I11 the HRUs were 800, for CP-VI there were 717 HRUs and for CP-IX there were 712 HRUs
created. Comparison of the HRUs with the hydropedological soil group maps revealed that
each catchment had different number of HRUs in the four different hydropedological soil
groups and this is based on the different topographies of the catchments as well as the various
soil inputs and land covers. CP-I11 is dominated by the deep well drained soils of the Recharge
Deep group, which take 24 days to convey water through the catchment before they contribute
to streamflow. In CP-VI the specific lat_time taken for the soils to contribute to streamflow is
dominated again by soils of the Recharge Deep hydropedological soil group followed closely
by the Interflow soil group. In CP-1X, the Recharge Deep hydropedological soil group again
dominates, but in this catchment Recharge Shallow soils follow a close second. The different
flow dynamics of each soil type as well as the dominating hydropedological soil group

therefore affects the streamflow dynamics of the individual catchment.

6.3.3. Model Outputs

The SWAT+ model was first run in CP-V1 as this catchment was utilised to create the drainage
curves used to input the specific lat_time values for each hydropedological soil group. The
models were run again with the same hypothesis used in CP-VI as similar soils and similar
hydropedological recharge groups were identified in both CP-111 and CP-1X. The model was
run twice, with the integration of (1) the ‘default lat time and (2) the specific lat time
(hydropedological data) incorporated into the model parameters. As stated previously data
collection from the three catchments is patchy in some years and these have reduced the number
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of observed and simulated data inputs in the statistical equations utilised. It has also led to gaps

in the graphical representations of the simulated and observed flows.

6.3.4. CP-VI

In CP-VI climatic and streamflow data from 01/01/1961 to 31/12/1987 (termed historic time
period) and then from 01/01/2014 to 31/03/2021 (termed current time period) were utilised in
separate runs of the model. Printed data from 1961 as well as 2014 were not utilised as this was
regarded as a warm-up period for the models. Daggupati et al. (2015) explains why a
comprehensive guideline for warm-up periods cannot be given due to the complexity of
watershed-scale processes. They however recommend a warm-up period of one to four years
with this being related to the temporal and spatial scale of the governing processes. Shorter
warm-up periods are required when input values are measured as compared to estimated, the
watershed is smaller in size, and the model is set-up to evaluate soil moisture processes as
compared to groundwater processes. As this study is set in three small watersheds, is studying
soil moisture processes and detailed information on the catchments has been input into the
models, 1 year warm-up period was regarded as being sufficient.

Statistical results are presented in Table 6.3 for both daily and monthly time steps, with

graphical representations of a 5-year period for the monthly comparisons as well as the flow
duration curves displayed in Figure 6.3.
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Time step of
data

Dates of

model run

Model

simulation

type

R2

PBIAS

NSE

KGE

ST DEV

Monthly

01/01/1962 —
31/12/1987

Default

Simulation

0.550

19.742

0.316

0.630

63.42

Simulation
with specific

lat_time

0.903

18.239

0.864

0.807

51.81

01/01/2015-
31/03/2021

Default

Simulation

0.491

25.812

-0.023

0.463

66.86

Simulation
with specific

lat_time

0.931

14.305

0.903

0.849

50.56

Daily

01/01/1962 —
31/12/1987

Default

Simulation

0.418

19.743

-0.541

0.283

3.16

Simulation
with specific

lat_time

0.836

19.542

0.802

0.835

1.73

01/01/2015-
31/03/2021

Default

Simulation

0.428

25.912

-0.630

0.216

3.04

Simulation
with specific

lat_time

0.744

-21.485

0.597

0.681

2.19

In the historical 1962 to 1987 data, both the default simulation as well as the specific lat_time

simulations show an overestimation of streamflow compared to the observed flow in all runs

of the model with the exception of an underestimated flow in the specific lat_time simulated

run for the daily time step 2015 to 2021. The overestimated runs however show an

underestimation of the baseflows and overestimation of the peak flows in the original

simulations, with these variations from the observed flows being less pronounced in the

specific lat_time simulations (Figure 6.3). There was an improvement in the R?, ST DEV, and

NSE values in all specific lat_time simulations compared to the default simulations. The NSE

values for the specific lat_time simulated runs are all categorised as ‘very good’ (>0.65) with

the exception of the specific lat_time simulated run for the current time period which is
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categorised as ‘adequate’ (0.54 to 0.65) as per the classifications by Moriasi et al. (2007).
According to Knoben et al. (2019), KGE values between -0.41 and 1.0 are considered
reasonable, and thus all simulated runs (original and lat_time runs) are classified as reasonable.

The flow duration curves created for the monthly time step for both the historical and current
time period shows a marked improvement in the simulated lat_time model run versus the
observed streamflow as compared to the default model run and the observed streamflow. This
is particularly so in the current time period (Figure 6.3) and highlights the improvement in the

accuracy of the model runs with the input of the specific lat_time.

6.3.5. CP-III

In CP-I1I climatic data as well as streamflow data from 01/01/1957 to 31/12/1987 (termed
historic time period) and then from 01/01/2015 to 31/03/2021 (termed current time period)
were utilised in separate runs. Printed data from 1958 as well as 2015 were not utilised as these
were regarded as warm-up periods for the model. Statistical results are presented for both daily
and monthly time steps in Table 6.4, along with graphical representations of a 5-year period

for the monthly comparisons as well as the flow duration curves displayed in Figure 6.4.
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Table 6.4: Statistical results for the SWAT+ model simulations for CP-III

) Model
Time step Dates of ) ) ST
simulation R2 PBIAS NSE KGE
of data model run DEV
type
Default
) ) 0.529 3.300 0.474 0.723 49.99
Simulation

01/01/1958 -

31/12/1983 Simulation
with specific | 0.785 | -1.381 | 0.767 | 0.730 | 39.32

lat_time

Monthly

Default

Simulation

0.681 | -4.994 | 0.569 0.760 64.29

01/09/2016 -
31/03/2021

Simulation
with specific 0.867 1.251 0.866 0.891 50.96

lat_time

Default
) ) 0.300 2.370 -0.591 0.332 2.80
Simulation

01/01/1958 -

31/12/1983 Simulation
with specific 0.686 2.412 0.634 0.567 1.13

lat_time

Daily

Default

Simulation

0.270 6.311 -1.033 0.181 3.21
10/09/2016 -

31/03/2021 Simulation
with specific 0.863 7.652 0.858 0.863 1.76

lat_time

The historical time period for both the daily and monthly time step showed an underestimation
of the simulated flows compared to the observed flows in both the default simulated and
specific lat_time simulated runs. The current time period showed an overestimation of the
default simulated and specific lat_time simulated model runs. In both time periods the graphical
representation of the model runs shows an improvement in the simulation of baseflows as well
as peak flows in the specific lat_time runs of the model, with the simulated data following the

curves of the observed data more closely (Figure 6.4).
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As with CP-VI there was an improvement in the R?, ST DEV, and NSE values in all specific
lat_time simulations compared to the default simulations for both time periods (historic and
current) as well as for both time steps used. The NSE values for the specific lat_time simulated
runs improved in all models from classifications of ‘unsatisfactory’ and ‘satisfactory’ (>0.5) to
adequate (0.54 to 0.65) and ‘very good’ (0.65) in the specific lat_time simulations. The ‘very
good’ classifications were obtained in the current time period for both the daily and monthly
time step. However, the consideration of the disjointed input data for this current time period
must be taken into consideration when comparing the historical and current time periods. All

KGE values for all model runs are between -0.41 and 1.0 and are considered reasonable.

As with CP-VI the flow duration curves created for the monthly time step for both the historical
and current time periods in CP-111 show the improvement in the accuracy of the model with the
input of the specific lat_time. Again, this is especially apparent in the current time period
(Figure 6.4).

6.3.6. CP-IX

In CP-IX climatic data as well as streamflow data from 01/02/1957 to 31/12/1987 and then
from 01/01/2015 to 31/03/2021 were utilised in separate runs. Printed data from 1957 as well
as 2015 was not utilised as these were regarded as warm-up periods for the models. Statistical
results are presented for both daily and monthly time steps in Table 6.5, along with graphical
representations of a 5-year period for the monthly comparisons as well as the flow duration

curves displayed in Figure 6.5.

Table 6.5: Statistical results for the SWAT+ model simulations for CP-1X

) Model
Time step | Dates of model ) ) ST
simulation R2 PBIAS NSE KGE
of data run DEV
type
Default
) ) 0.611 4.801 0.123 0.598 57.83
Simulation
01/01/1958- i _
Monthly Simulation
31/12/1987 ) o
with specific | 0.888 7.809 0.843 0.844 | 44.29
lat_time
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) Model
Time step | Dates of model ) ) ST
simulation R? PBIAS NSE KGE
of data run DEV

type

Default
) ) 0.678 -11.344 | -0.063 0.291 50.07
Simulation

01/09/2016 -
31/03/2021

Simulation
with specific | 0.904 -7.173 0.803 0.723 37.69
lat_time
Default

Simulation

0.344 5.216 -1.373 | 0.012 2.89
01/01/1958-
31/12/1987

Simulation
with specific 0.725 -51.023 0.327 0.416 1.89
lat_time

Dail
Y Default

) ) 0.424 -8.421 -1.826 | -0.205 2.42
Simulation
02/09/2016 -

31/03/2021

Simulation
with specific 0.840 -5.564 0.753 0.770 1.36

lat_time

The historical time period for the monthly time step showed an overestimation of the simulated
flows compared to the observed flows in both the default simulated and specific lat_time
simulated runs. The remaining model runs (monthly current time period as well as daily
historical and current time periods) showed an underestimation of the default simulated and
specific lat_time simulated model runs. As is the case in CP-IIl, the graphical representation
of the model runs shows an improvement in both time periods in the specific lat_time
simulation of baseflows as well as peak flows, with the simulated data following the curves of

the observed data more closely when compared to the default simulated flow (Figure 6.5).

As with CP-VI and CP-I11 there was an improvement in the R?, ST DEV, and NSE values in
all specific lat_time simulations compared to the default simulations for both time periods as
well as for both time steps used. The NSE values for the specific lat_time simulated runs are
categorised as ‘very good’ (>0.65) for both monthly time step periods as well as the current
time period daily time step model run. The historical time period daily time step run is

categorised as ‘satisfactory’ (>0.5). All KGE values for all model runs are between -0.41 and
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1.0 and are considered reasonable, with the exception of the default simulated run (-0.205) for
the current time period daily time step. The KGE values improve with the specific lat_time run

for the same time period (0.770) and are classified as reasonable.

As with CP-VI, and CP-II1 the flow duration curves created for the monthly time step for both
the historical and current time periods in CP-1X show the improvement in the accuracy of the
model with a comparison of the default lat_time versus the specific lat_time compared to the
observed streamflow. This is apparent in both the historic and current time periods (Figure 6.5).
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Figure 6.3: (A) Graphical representations of the monthly comparisons between the default simulated flow as well as the specific lat_time simulated
flow and the observed flow for a 5-year period within the two time periods for CP-1V, and (B) Flow duration curves for the monthly data for the
two time periods for CP-VI
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Figure 6.4: (A) Graphical representations of the monthly comparisons between the default simulated flow as well as the specific lat_time simulated

flow and the observed flow for a 5-year period within the two time periods for CP-I111, and (B) Flow duration curves for the monthly data for the

two time periods for CP-III
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Figure 6.5: (A) Graphical representations of the monthly comparisons between the default simulated flow as well as the specific lat_time simulated
flow and the observed flow for a 5-year period within the two time periods for CP-1X, and (B) Flow duration curves for the monthly data for the

two time periods for CP-1X
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6.3.7. Sensitivity analysis
The sensitivity index calculated for the CP-VI monthly timestep, and current time period is -

0.092. This is categorised as Class 1l and medium sensitivity (Lenhart et al. 2002).

6.4. DISCUSSION AND CONCLUSIONS

In this study the distribution of the hydropedological soil groups within each of the catchments
played a role in how rainfall flows through the catchment, either through overland flow or
infiltration through the soil profile, how it moved through the various areas of the catchment
and how it influenced the streamflow. For example, CP-1X had a greater distribution of soils
in the Recharge Shallow group as compared to CP-I1I and CP-VI and thus there is quicker
distribution of water flow from the top of this catchment to the streamflow outlet in this
catchment. CP-VI had a greater combined percentage of soils in the Interflow and Responsive
Saturated groups compared to soils in the Recharge Deep and Recharge Shallow groups and
thus there is a longer lateral time taken for water to move through these soils before it
contributes to streamflow. The importance of understanding and incorporating specific lateral
time periods, taken for water to move through a catchment before it contributes to streamflow
was identified in other studies (Jiao et al. 2020, Johnson et al. 2003, Ma et al. 2017, Me et al.
2015). The ability to define the specific lateral time for each HRU in this study was seen as a
beneficial input of the SWAT+ model which helped to improve the understanding of the

catchments’ dynamics.

The statistical parameters used in this study (R?, PBIAS, ST DEV, NSE and KGE) show a
definitive improvement in modelling accuracy with the input of the specific lat_time
measurements per HRU. These improvements are apparent in all three catchments, with CP-
VI obtaining the largest increase in R? values, particularly for the monthly time step when
comparing the default simulations with the specific lat_time simulations. Improvements in the
other statistical parameters are clear in all three catchments with none of the catchments
improving the most in a particular statistical validation. This is despite the specific lat_time
inputs being derived from drainage curves created for the conditions of CP-VI. It is therefore
postulated that the specific lat_time inputs associated with CP-111 and CP-1X are due to the
similar soil properties identified in these catchments as well as the detailed soil information

input into the model which is particular to each catchment.
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The sensitivity analysis conducted for this study showed that the sensitivity of the lat_time
parameter is classified as medium. Leng et al. (2020) detailed the use of sensitive versus
insensitive parameters in improving modelling accuracy and found that the use of an apparent
insensitive parameter, such as soil Bd, enhanced their model significantly, with the R, NSE
and RSR parameters improving. This suggested complex hydrological processes occurring in
the watershed and a wider variety of sensitive and insensitive parameters that need to be applied
to the hydrologic model. The same principles can be applied to this study with a number of
parameters being sensitive to modelling accuracy including the detailed soil information, the
corresponding and detailed digital soil maps which highlight the hydropedological behaviour
of the catchments as well as the detailed information obtained from Kuenene et al. (2011) on
the soil drainage curves and how these translate into the time taken for lateral water movement

to contribute to streamflow.

Numerous research studies have highlighted the importance of detailed soil information on
improving SWAT model accuracy (Adem et al. 2020; Chen et al. 2016, Krepec et al. 2020,
Peschel et al. 2006). Soil information should be coupled with ecological information of the
catchments such as the effects of fire, vegetation as well as rates of evapotranspiration on
hydrological modelling accuracy. These aspects have been shown to be all interrelated. In a
study by Manson et al. (2007), within the Cathedral Peak area, frequent burning was shown to
result in nitrogen limited soils, which in turn affects the vegetation type as well as vegetation
condition which affects the soil condition and therefore the flow dynamics of the catchment. A
further study in the Cathedral Peak research catchments by Gordijn and O’Connor, (2021)
shows that species diversity increased with heterogenous fire regimes over the long term.
Improved species diversity has an impact on soil fertility and flow dynamics (Bai et al, 2001,
Mason and Zanner, 2005) having an impact on the hydrological flow of the catchment.
Evapotranspiration is another important input into hydrological models as it is a vital

component of the water cycle (Aouissi et al. 2016; Zhao et al. 2013).

Several studies furthermore emphasise the importance of understanding the hydropedological
character of a catchment or study area and translating this knowledge into input variables
within hydrologic models (Bouma et al. 2011, Bryant et al. 2006, Sierra et al. 2018, van Tol et
al. 2020, and van Tol et al. 2021). In all these studies there is an improvement in the overall
accuracy of the models following the input of soil and hydropedological information or an

improved accuracy in a certain section of the model. For example, in van Tol et al. (2021),
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internal catchment processes were reflected more accurately with rerouting of water fluxes
between specific HRUs within the SWAT+ model.

In response to mounting environmental challenges, integrative studies are needed, requiring
both specialists within a field as well collaborative efforts across disciplines (Hopmans, 2020,
Pachepsky, 2010). The use of soil hydraulic properties within a hydrology model can help one
to understand the physical processes that control the partitioning and routing of rainfall into
evaporation, infiltration, transpiration, recharge, and runoff (Brooks and Vivoni, 2015), thus

improving the model runs for specific catchments.

This study contributed to the understanding of the hydropedological character of three
Afromontane catchments and how the characteristics of the soils as well as the flow dynamics
of the catchments improves modelling accuracy. It has highlighted that relevant information,
based on reliable data, is essential to assess not only the current condition of water resources

in a given catchment but also past trends and future possibilities (Droogersa and Bouma, 2014).
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CHAPTER 7 - ENVIRONMENTAL FACTORS INFLUENCING
DISSOLVED ORGANIC CARBON CONCENTRATIONS IN
AFROMONTANE CATCHMENTS

Abstract

Concentrations of DOC can be attributed to several environmental factors, including climate,
hydrology, land cover, land management, soil type, and topography. Montane grassland
environments are highly variable due to the spatial heterogeneity, and this has an influence on
DOC export, making it often site and land-use dependent Despite the importance of small
mountain streams in the global flux of sediment and associated DOC, little is known about the
environmental factors controlling DOC in Afromontane areas. This study aimed to gain an
understanding of the various environmental factors driving the temporal patterns of DOC
export in Afromontane catchments. Piezometers were installed within two Afromontane
catchments and water samples were analysed for DOC between September 2019 and June
2021. Furthermore, the height of the water within the piezometer was calculated from the
surface of the soil to the depth of the water table. Piezometers were located within various
environmental classes including different land covers (wetland and terrestrial), different soil
groups (saturated responsive soils and interflow soils), different topographical areas of the
catchments (upper, mid, and lower positions), as well as different slope curvature profiles
(convex and concave slopes). DOC concentrations followed seasonal trends of precipitation as
well as temperature variations in the catchment areas. A statistical difference (using the Kruskal
Wallis method) was recorded between terrestrial and wetland areas (CP-VI: p=0.043 and CP-
IX: p= <0.0001) as well as between interflow soils and saturated responsive soils (CP-VI:
p=0.001 and CP-IX: p=0.041), with the latter group recording the higher DOC concentrations
in both catchment areas. DOC concentrations between piezometers installed within different
topographical positions and different slope curvatures were not statistically different. The
importance of wetland systems as major drivers in DOC concentrations was highlighted in this
study. The connectivity of the wetlands to the streams within both catchments plays a role in

the attenuation and export of DOC within these watersheds.

7.1. INTRODUCTION
Soil organic carbon (SOC) is a key component of the global carbon cycle. It is the largest
terrestrial carbon pool (Ciais et al. 2013, Tao et al. 2020, Liu et al. 2021) as it is estimated that
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the carbon contained in soil constitutes 75% of the total organic carbon stock stored in
terrestrial ecosystems (Dixon et al. 1994, Six et al. 2002, Reyna-Bowen et al. 2019). Therefore,
studying the spatial distribution patterns of soil organic carbon and its influencing factors is
essential for understanding the carbon cycle in terrestrial ecosystems (Wan et al. 2014).

Organic carbon within the soil can be divided into the labile and stabile fractions depending on
its density, with the stabile fraction accounting for 90% of the soil’s total organic carbon (TOC)
(Six et al. 2002; Sainepo et al. 2018). The stabile fraction is not easily affected by land use or
management practices (Sainepo et al. 2018). This is due to a number of factors which control
the stabilization of this organic carbon including the soil type, the clay mineralogy, the soil
aggregation, the availability of metal oxides, soil fauna and microorganism activity, as well as
landscape controls in the form of topography, vegetation cover, parent materials and climate
(Wiesmeier et al. 2019)

The labile fraction includes dissolved organic carbon (DOC). It has a high turnover rate and is
easily affected by management systems as well as erosion. It is therefore an easily available
source of carbon for microorganisms, as well as a source of organic carbon and nutrients in the
deeper soil horizons (Jinbo et al. 2007; Zhang et al. 2011). DOC is therefore one of the most
active and mobile carbon pools and has an important role in global carbon cycling (Kalbitz et
al. 2000) and is the focus of this study.

DOC production is governed by the abiotic and biotic biogeochemical processes. The DOC
concentration in soil solution is controlled by its production, leaching, stabilisation, and
degradation (Kalbitz et al., 2000). The importance of DOC for the functioning of terrestrial and
aquatic ecosystems is widely known (Mann and Wetzel, 1995; Schindler and Curtis, 1997;

Lennon et al. 2013). It serves as the major energy source for aquatic microbial communities, it
links different carbon pools, attenuates UV radiation, and plays a role in the acid-base
chemistry of soils and surface waters. It furthermore influences nutrient cycling and affects the
mobility and availability of metals and contaminants (Kalbitz et al., 2000, Bolan et al. 2011,
Strohmeier et al. 2013). The transport of DOC along streams and rivers therefore represents a
crucial linkage between land and oceans in the global carbon cycle (Cole et al. 2001, Battin et
al. 2009, Aufdendkampe et al. 2011).
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Many land surface models represent soils in a simplistic way and often neglect the production
and export of DOC from soils to rivers. This leads to an overestimation of the potential carbon
sequestration of a particular area, leading to uncertainties in the predictions of the soil carbon
response to land management changes as well as climate change (Camino-Serrano et al. 2018).
Understanding the dynamics that control how DOC is exported from soils to aquatic systems
is thus important for accurate estimations of C budgets. This is because DOC corresponds to a
fraction of the carbon taken up from the atmosphere that is not sequestered in soils (Regnier et
al. 2013, Le Quéré et al. 2015, Camino-Serrano et al. 2018).

DOC export from ecosystems depends on its production and its consumption. Therefore, its
transport within soils and watersheds is dependent on soil characteristics, biological constraints
and the contact time with the microbial communities that decompose soil organic matter (SOM)
(Don and Schulze 2008, Tranvik et al. 2009, Laudon et al. 2011, Kaiser and Kalbitz 2012,
Hagedorn and Joos, 2013, Ran et al. 2013). Concentrations of DOC can therefore be attributed
to several environmental factors, including climate, hydrology, land cover, land management,
soil type, and topography (Pagano et al. 2014, Ryder et al. 2014, Wei et al. 2021), as well as
disturbances such as fire (Wei et al. 2021).

In montane grassland environments fire is often used as a management tool. This is particularly
the case in Afromontane grasslands such as those found in the KwaZulu-Natal Drakensberg
Mountain range (Findlay et al. 2022). Studies have both highlighted that fires in these systems
can be regarded as causes of soil degradation as well as agents that mobilise nutrients and
restore soil fertility (Snyman, 2003, Novara et al. 2013). Fires are furthermore known to cause
the alteration of SOM, with several studies recording a decrease in SOC after fires, while others
showed no significant change or even an increase in SOC content (Fernandez et al., 1997,
Novara et al. 2013, Findlay et al. 2022). These differences in the results of the various studies
are likely due to the variations in the controlling factors of SOC and the fact that these
environmental factors often change over temporal and spatial scales (Clark et al. 2010).

Furthermore, concentrations of DOC in montane environments are highly variable due to the
spatial heterogeneity of these areas. Mountain ecosystems have variations in their
microclimate, such as high quantity and high intensity of rainfall, greater sunshine incidence
on certain slopes, depending on their aspect, as well as variations in the soils of these areas

(Garcia-Pausas, 2007, Garcia-Pausas, 2017). Mountain soils are often located on steep
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topography and are generally shallow and have a high erosion rate but can also be deep in
deposition areas (Garcia-Pausas, 2017). Thus, the physiography of a catchment area, which is
linked to the percentage of wetlands within the catchment, are important controls on DOC
concentrations and fluxes (Eckhardt and Moore,1990, Clair et al. 1994, Billett et al. 2006).
Furthermore, altitude greatly affects the accumulation and decomposition of SOC. In
particular, changes in climate with altitude influence the composition and productivity of
vegetation and affect the quantity and turnover of SOC by controlling soil water balance, soil
erosion and deposition processes. Due to the complex interaction of climate, soil, vegetation
and management conditions, ecosystem DOC export is often site and land-use dependent
(Sheikh et al. 2009, Garcia-Pausas, 2017).

As a result of the high erosion and deposition rates of mountainous areas, several studies have
highlighted the importance of small mountain streams in the global flux of sediment and
associated DOC (Hilton et al. 2012, Galy et al. 2015, Turowski et al. 2016). One of the most
consistent relationships with DOC concentrations in streams has been found with the flow
dynamics of catchment areas. Studies have shown correlations between DOC concentrations
identified in the headwater catchment areas and the streamflow (Rutherford and Hynes, 1987,
Grieve, 1990, Hinton et al. 1998, Dawson et al. 2002, Billett et al. 2006), thus identifying that
both biological and hydrological processes operating within the catchment area affect the DOC
concentrations (Roig-Planasdemunt et al. 2016). This is particularly prevalent during storm
events, with several studies reporting increases in DOC concentration in streamflow during
rainfall (Knorr, 2013, Roig-Planasdemunt et al. 2016, Warner et al. 2020). In small
mountainous streams, Lee et al. (2019a) identified that DOC is flushed into streams during
storm events, particularly when hillslope flow paths are connected to the streams, when for
example wetlands are saturated. Here wetlands and riparian areas play an important role in

transporting DOC to the stream network.

Further to this, DOC concentrations within soil solution have been shown to be enhanced with
wetting and drying cycles associated with a fluctuating water table, as well as temperature
variations (Boyer et al. 1997, Billett et al. 2006). DOC within soil solution is associated with
the temporal biological and hydrological processes, acting in soils. Higher concentrations are
observed during the growing season, while lower concentrations follow DOC losses due to

water fluxes during the wet period (Roig-Planasdemunt et al. 2016).
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There is thus a need to improve our understanding of how and by how much various
environmental factors are driving the temporal patterns of DOC export in order to accurately
model and evaluate terrestrial carbon storage and fluxes (Wei et al. 2021) as well as predict the
effect of land use and climate changes on these dynamics. The variabilities in the environmental
attributes of mountain ecosystems often within small catchment areas, make montane
ecosystems ideal locations to study how different landscape aspects affect the concentration of
DOC. This study aims to identify the principle environmental factors that influence DOC
concentrations within two Afromontane catchments, that are similar in shape and size but have
different land management regimes. With the understanding of the landscape controls on the
dynamics of the DOC concentrations within these two headwater catchments, one can begin to

gain an understanding of the concentrations in DOC found in downstream watercourses.

7.2. MATERIALS AND METHODS

7.2.1. Study Site
Details of the study area are given in Chapter 3. Two of the research catchments were selected
for this study, namely, CP-VI and CP-1X.

7.2.2. Piezometer installations

Piezometers were installed within both catchment sites. Twelve piezometers were installed in
CP-VI and nine were installed in CP-IX. The piezometers were installed in clusters of two or
three within a location, with this location chosen to represent the upper, mid, and lower portions
of the catchments. Furthermore, the position of the piezometers was chosen within wetland and
seepage areas of the catchments. Soil profiles were dug using an extension Dutch auger to the
first signs of a gleyic or gley horizon. These horizons display gleying and are considered
indicators of the redox state of the soil. Gley horizons are recognised by low chroma grey
matrix colours which may contain blue or green tints. The gleyic horizon displays low chroma,
grey and light-yellow colours, with the morphology of this horizon indicating less reduction
and shorter duration of water saturation compared to the gley horizon (Soil Classification
Working Group, 2018). A PVC pipe with slits cut around the end of the pipe to a height of 30
cm were then installed into the auger holes (Figure 7.1). The PVC pipe utilised ensured a close
fit with the hole. The piezometers were then capped, and measurements taken once a month

between January 2019 to June 2021, however due to a drought within the region, the majority
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of piezometers only received water in September 2019 and thus this was chosen as the start

point for the piezometer records.

As a result of the drought conditions, some of the piezometers had to be discontinued, and thus
seven piezometers were sampled every month in CP-VI, and seven were sampled every month
in CP-IX (Figure 7.1). Water heights were recorded once a month to the nearest cm. The height
of the water within the piezometer was calculated from the surface of the soil to the depth of
the water table.
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Figure 7.1: Locality of the piezometers within CP-VI1 and CP-IX. Photograph showing the slits cut around the end of the pipe to a height of 30 cm

to ensure water enters the piezometer as well as the capped and installed piezometer
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7.2.3. Catchment characteristics

7.2.3.1.Land cover

The catchment areas are mainly covered by mesic grasslands of the uKhahlamba Basalt
Grassland vegetation type interspersed with Northern Afrotemperate Forest patches and
wetlands (Mucina and Rutherford, 2006, Toucher et al. 2016). CP-VI is managed as a
grassland, and is dominated by Bromus speciosus, Pentaschistis tysoniana, Cymbopogon
nardus and Themeda triandra that are accompanied by numerous herbs and shrubs. CP-1X has
been completely protected from fire since 1952 but has experienced accidental burns and
wildfires in some years. As a result of the fire exclusion, the catchment is dominated by woody
scrub including Leucosidea sericea and Buddleia salvifolia (Mucina and Rutherford, 2006,
Toucher et al. 2016).

For this study the land cover was grouped into two separate simplified categories, depending
on the location of the piezometers. These categories included terrestrial vegetation and wetland
vegetation (Figure 7.2). Wetland vegetation included any hydrophytic vegetation, while
terrestrial vegetation included the remaining groups of vegetation such as graminoids, forbs,
shrubs, and trees. Examples of hydrophytic vegetation identified within the wetland systems
include Miscanthus ecklonii, Arundinella nepalensis, Merxmuellera macowanii and Cyperus
congestus, while dominant terrestrial vegetation in CP-VI and in CP-1X include poaceae such
as Themeda triandra, Tristachya leucothrix, and Harpochloa falx, forbs such as Acalypha
punctata, Helichrysum sp, Senecio sp., Kohautia amatymbica and trees including Leucosidea

sericea and Buddleia salvifolia (Gordijn et al. 2018).

7.2.3.2.S0ils

The soils of both catchments have been classified as per the South African taxonomic
classification system (Soil Classification Working Group, 2018). This classification system
was then converted to the World Reference Base (WRB) for Soil Resources system utilising
the tool from van Huyssteen (2020). Both catchments are dominated by deep well drained soils.
Within the South African classification systems these are classified as the Inanda, Magwa, and
Kranskop forms, and are categorised as the Haplic Umbrisols in the WRB system. More
shallow soils occur in rocky areas or areas of steeper terrain. These are classified as the
Nomanci or Mispah soil forms in the South African system and Leptic Umbrisols and Dystric
Leptosol in the WRB system respectively. Hydrological flow paths are evident within the soil

characteristics, with lateral flow paths displayed in the gleyic horizons of the Dartmoor, and
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Highmoor soil forms of the South African system and the Stagnic Cambisols of the WRB
system. More saturated gley horizons are dominated by the Champagne and Katspruit soil
forms of the South African classification system and the Planosols and Luvisols of the WRB

system.

Soil samples were collected from each of the piezometer locations. The samples were divided
into different horizons depending on the type of soil encountered at each piezometer location.
Each soil sample was analysed for total carbon percentage utilising the Leco element analyzer
as well as the organic matter percentage utilising the loss-on-ignition method. This method
does not have a standard protocol but rather involves three factors including the incomplete
combustion of SOM at low temperatures (Ball, 1964), the removal of structural water from
clay minerals (Sun et al., 2009) and the decomposition of soil carbonates at large temperatures
(Kasozi et al., 2009; Hoogsteen et al. 2015).

Soils were regrouped into hydropedological soil types, namely, shallow recharge soils, deep
recharge soils, interflow soils, and saturated responsive soils, based on the classifications from
van Tol and Le Roux (2019). A map of the hydropedological soil groups of both catchments
was created following a digital soil mapping exercise. This process is explained in detail in
Harrison and van Tol (accepted in: Remote Sensing of African Mountains - Geospatial Tools
Toward Sustainability), The hydropedological soil group maps are displayed in Figure 7.3,
with the hydropedological soil groups utilised in this study. The piezometers were either
recorded on the interflow hydropedological soil group or on the saturated responsive

hydropedological soil group.

7.2.3.3.Topography and aspect
CP-VI ranges in altitude from 1845 — 2073 m.a.s.| with a north-north-east aspect, while CP-1X

ranges in altitude from 1822-1982 m.a.s.| with an east-north-east aspect (Toucher et al, 2016).
The topography of all the research catchments ranges from relatively flat to very steep (1-39°)
(Granger and Schulze, 1977; Gordijn et al. 2018).

For this study the topography of the catchments was classified into two separate slope curvature
classes, namely convex slopes, and concave slopes, depending on the location of each
piezometer. Convex slopes steepen as they descend and are typically associated with low

drainage resistance. Concave slopes gradually flatten as they descend and are typically
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associated with receiving water from upslope, water retention and greater water infiltration into
the soil profile (Job and Le Roux, 2019). A 5 m resolution Digital Elevation Model (DEM)
(Ezemvelo KZN Wildlife et al., 2016) was utilised to create a curvature raster of each
catchment. At the point of each piezometer the slope profile was checked to determine if the
piezometer was positioned on a convex or a concave slope, with negative values from the

curvature raster indicating convex, and positive values indicating concave slopes.

7.2.3.4.Fire regime
The vegetation of the Cathedral Peak research catchments is largely controlled by fire. Fire

regimes which were included as management treatments were established within the
catchments by 1957 and included areas burnt frequently (one and three years) and infrequently
(five and eight years). These burns were applied during the period winter to early spring. CP-
VI is burned biennially during spring and CP-1X has been completely protected from fire since
1952 but has experienced accidental burns and wildfires in some years. Literature has shown
that the species composition of the catchments is associated with the burning regimes (Gordijn
et al. 2018, Gordijn and O’Conner 2021, Toucher et al. 2016). During this study CP-VI had a
controlled burn on the 7" October 2020.
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Figure 7.2: Simplified land cover maps of the two catchment areas in relation to the piezometer locations
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Figure 7.3: Hydropedological soil group maps for CP-VI and CP-IX in relation to the piezometer locations
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7.2.4. Physical characteristics of the catchments utilised in this study

In order to gain an understanding of the influence of different physical characteristics of the
catchments on the DOC concentration, the catchments were classified into classes. These
included classes on land cover, hydropedological soil type, the topographical position of the

piezometer within the catchment and the slope profile in which the piezometer was situated.

The classes utilised in this study as well as the number of piezometers within each class is
displayed in Table 7.1.

Table 7.1: Classes describing the physical characteristics of each catchment as well as the

number of piezometers within each class

Number of piezometers
Physical characteristic of the catchment
CP-VI CP-1X
Wetland vegetation 4 4
Land cover
Terrestrial vegetation 3 3
Saturated responsive A A
Hydropedological soil | soil group
Jroup Interflow soil group 3 3
Upper catchment 2 3
Topographical position
of the piezometers Mid catchment 4 3
within the catchment
Lower catchment 1 1
Convex slope 3 3
Slope profile
Concave slope 4 4
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7.2.5. Climate and climatic monitoring of the Cathedral Peak research catchments

The Cathedral Peak research catchments fall within the summer rainfall region of South Africa.
The mean annual precipitation (MAP) for the area is approximately 1400 mm with the south-
eastern areas receiving approximately 1300 mm while the western portion receives
approximately 1700 mm. Half of the rainfall events in the catchments are thunderstorms
(Bosch, 1979, Everson et al. 1998, Toucher et al. 2016) during the spring and summer months
(September to March) with occasional snowfall received during winter (May to August). Mean
monthly temperatures range from 17.1°C to 10°C with frost common in autumn and winter
(April to August) (Bosch, 1979, Everson et al. 1998, Gordijn et al. 2018; Toucher et al. 2016).

The collection of climatic data for the Cathedral Peak research catchments started in 1948 with
a weather station located at the top of Mike’s Pass. The daily variables recorded were average
temperature, average relative humidity, average solar radiation, average wind direction and
average wind speed. In addition to this meteorological station, precipitation was historically
monitored at several sites across the catchments. Rainfall data monitoring within the
catchments has been undertaken since 1950. Three tipping bucket rain gauges are currently
situated within CP-IX at the top, middle and lower position of the catchment. In CP-VI one
tipping bucket rain gauge is situated within the mid position of the catchment, while three
tipping bucket rain gauges are situated in the adjacent catchment, CP-VII. As both catchments
have a tipping bucket rain gauge in the mid position, the data from these rain gauges were

utilised as they are in comparable positions.

Streamflow monitoring was initiated in both catchment areas during the late 1940’s and 1950’s
(Toucher et al., 2016). Climatic data for this study was therefore obtained from the Mike’s Pass
weather station as well as from specific rain gauges located within each catchment. CP-VI has
a MAP of 1340 mm, while CP-1X has a MAP of 1257 mm (Toucher et al. 2016).

At the outlet of each catchment a concrete weir and stilling hut, with 90-degree V Notches were
installed. These V Notches are 45.72cm (18 inches) deep and are surmounted by 6 feet wide
rectangular notches of varying depth. The stilling ponds were dug to bedrock, and rock walls
for the pond were constructed. Details of how early measurements were taken, error checked
and processed are given in Toucher et al. (2016). The water stage-height at each weir is
currently monitored using an Orpheus Mini (Ott Hydromet GmbH, Germany) at CP-VI weir
and a CS451 Stainless steel SDI-12 Pressure Transducers with CR200 loggers at CP-VI, and
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CP-IX. There are two pressure transducers installed at weir CP-VI as this is the core catchment

and thus the quality of streamflow records is ensured (Toucher et al. 2016).

7.2.6. DOC analysis

DOC analysis of water extracted from the piezometers was conducted on a monthly basis
between September 2019 and June 2021. Water was extracted from the piezometers and filtered
using a 0.2 um filter syringe. To avoid contamination from cellulose, the filter was rinsed, and
this water discarded. The filtered water was acidified with 0.1M Phosphoric Acid (H3PO4) to
bring the pH to 2. Water samples were brought back from the field in a coolbox and then stored
in a refrigerator until analysis. This was undertaken to minimise the loss of DOC within the
sample during transportation, and storage. All samples were analysed through the non-
purgeable organic carbon (NPOC, referred to hereafter as DOC) concentration with a Vario
TOC cube analyzer (Elementar, Germany) in the GISMO platform (UMR6282 Biogéosciences
CNRS/uB), at the University of Burgundy, France.

7.2.7. Statistical analysis

The data were collated from all piezometers for each catchment, with DOC values of 0 (as a
result of the piezometers being dry within certain months) removed from the data set. The
relationships between the climatic parameters (rainfall, streamflow, temperature, and the height
to the water table within each piezometer) and the concentration of DOC within the

piezometers were plotted using a combination of line and scatter plots.

Following these tests on the environmental parameters, the minimum, maximum, and mean
DOC values were calculated per catchment. The data were tested for normality using the
Kolmogorov-Smirnov test with an alpha value of 0.05 (Massey, 1951). As the data is not
normally distributed the relationship between the different physical characteristics of the
catchments (including land cover, hydropedological soil group, topographical position of the
piezometer within the catchment, and the slope profile) and DOC concentrations from the
piezometers were analysed using the Kruskal-Wallis non-parametric test (Kruskal & Wallis,
1952). This test was used as it assesses the differences among two or more independently
sampled groups on a single, non-normally distributed continuous variable (Ostertagova et al,
2014). The Dunn’s procedure, which is a nonparametric pairwise multiple comparison

procedure utilised following the Kruskal-Wallis non-parametric test (Dinno, 2015, Dunn,
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1964), was used during the analysis of the topographical position of the piezometers. This

procedure was utilised as there are more than two parameters in this analysis.

7.3. RESULTS

7.3.1. DOC and seasonality

Precipitation data for CP-V1 and CP-1X during the study period September 2019 to June 2021
showed that precipitation largely falls within the spring-summer months (September to March),
with little to no rain within the autumn and winter months (April to August) (Figure 7.4). A
greater quantity of rainfall was recorded in both CP-VI and CP-1X for the spring-summer
season of 2020-2021 (CP-IV = 1307 mm and CP-1X = 1045 mm) as compared to the same
season within the preceding year (2019-2020) as a result of the drought conditions experienced
in 2019 (CP-VI = 842 mm, and CP-IX = 771 mm). The mean monthly DOC concentrations
generally followed the seasonal pattern of rainfall, with maximum values (10.92 mg/L in CP-
VI and 8.59 mg/L in CP-1X) recorded in the spring-summer months and minimum values (1.91
mg/L in CP-VI and 1.24 mg/L in CP-1X) recorded in the autumn-winter months.

Correlations between the monthly streamflow discharge of the catchment areas as well as the
mean monthly DOC concentrations in piezometers showed a seasonal variation with higher
mean monthly DOC concentrations recorded in the spring-summer months compared to the
autumn-winter months for both catchment areas (Figure 7.4 and Figure 7.5). Similar trends to
the rainfall plots were noted, however interestingly there is a greater lag time for the increase
in streamflow discharge within both catchments following the drought conditions experienced
in 2019. As shown in Figure 7.4 and Figure 7.5 a maximum DOC concentration is obtained
within the piezometers in October, November, and December 2020 with the onset of the spring-
summer rains, but the maximum flow in streamflow discharge from the catchments occurs
between January and March 2021 (towards the end of the summer season). This is likely due
to the ‘re-wetting process’ of the wetlands that would have taken place within the catchments
before these systems could contribute to the streamflow discharge, both after the initial drought

conditions in 2019/2020 and following the winter drier conditions in 2020.

148



Chapter 7

CP-VI W Daily Precipitation (mm) W Daily streamflow (mm) ®Mean Monthly DOC (mg/L)
25 . . 2
0 28 r”-llwll‘L ﬂ[w T |'” ”‘ 1 1 l | ||' 12
J) ~~
20 20 Py 10 EIP
— ~ -g
E 40 e 8 E
ERRE-FER
g 5 2
= = [ ] =)
= = 6
= 60 O
8 3 3
3 210 =
= = ° 2
2 g0 | 8 4 =
8 5 e g
[ ]
5 [ ° o ® g
n @
100 >
120 0 0
- 9 9O O 9 O N T N T P N S \ SN
NN N P\ N LN N N
o7 & & o @ o o Y @ T ¢
T HTIHFIHFMNHPFPHFHFFHFITHSFTED
Q Q ) N Q I\ Q Q I\ I\ Q ) A\

Figure 7.4: Correlations between daily rainfall (mm), daily streamflow (mm) and mean monthly DOC concentrations (mg/L) within the

piezometers for CP-VI
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piezometers for CP -1X
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Scatter plots of the mean monthly DOC concentrations compared to mean monthly changes in
the depth to water table height within the piezometers did not show any difference between the
seasons. This is most likely due to some of the piezometers becoming saturated during the
sampling period and maintaining this saturation for the remainder of the sampling period. This

is particularly so for the piezometers located within the wetland areas.

Figure 7.6 and Figure 7.7 provide plots of all the climatic variables measured in CP-VI and
CP-IX compared against the mean monthly DOC concentrations in the piezometers. With
regards to the average monthly temperature, there is an increase and decrease in the average
monthly DOC concentrations with a relative increase and decrease in temperature for both
catchments. Spring to summer months (September to March) have the highest mean DOC
concentrations (6.55 mg/L and 5.04 mg/Lin CP-VI and CP-IX respectively) as compared to
autumn and winter months (April to August) (4.41 mg/Land 2.23 mg/Lin CP-VI and CP-1X

respectively).
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Characteristics of the soils in which the piezometers were placed are displayed in Table 7.2.

Saturated responsive soils had higher organic matter content as well as carbon percentage

across both catchments with mean organic matter percentages of 35.4% in the saturated

responsive soils and 22.5% in the interflow soils of CP-VI and 32.4% in the saturated

responsive soils and 21.4% in the interflow soils of CP-1X. Carbon percentages were higher in
the saturated responsive soils (mean of 11.77% + 5.7 in CP-VI and 7.61% £ 1.1 in CP-1X)
compared to the interflow soils (mean of 5.91% * 1.0 in CP-VI and 5.48% £ 0.81 in CP-IX).

Table 7.2: Soil characteristics associated with the piezometers

Depth of
) Piezometer
Piezometer Name ) ) Average
o Hydropedological soil mm (to the ) Average
and position in Organic matter
group gley or Carbon %
the catchment ) content (%)
gleyic
horizon)
C6-3 (Upper Saturated responsive 1405 25.72 £3.69
position) 6.79 £1.99
C6-6 (Upper Interflow 22.73 £3.26
. 1480
position) 5.82 +2.68
C6-7 (Mid Saturated responsive 590 32.60 £3.97 7.70 £3.74
position)
C6-8 (Mid Interflow 23.08 £3.99
B 1530
position) 7.24 £3.63
C6-9 (Mid Saturated responsive 1340 43.64 +£8.09
position) 11.34 £2.38
C6-10 (Mid Saturated responsive 1460 44.21 £5.59
position) 21.25+3.81
C6-11 (Lower Interflow 210 21.80 £4.98
position) 4.69 £3.54
C9-1 (Upper Interflow 910 22.16 +4.54
position) 4,55 +£1.58
C9-2 (Upper Interflow 930 18.31 £3.92
position) 5.37 £3.20
C9-3 (Upper Saturated responsive 280 22.52 +4.00 9.23+2.25
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Depth of
. Piezometer
Piezometer Name ] ) Average
o Hydropedological soil mm (to the ) Average
and position in Organic matter
group gley or Carbon %
the catchment ] content (%)
gleyic
horizon)
position)
C9-4 (Mid Saturated responsive 685 55.17 £7.93
position) 6.58 £0.25
C9-5 (Mid Saturated responsive 840 27.02 £5.20
position) 8.57 £2.90
C9-6 (Mid Interflow 23.74 +4.26
o 1930
position) 6.54 £4.76
C9-9 (Lower Saturated responsive 130 25.02 £1.85
position) 6.57 £2.44

Concerning DOC concentrations, the results of the Kruskal-Wallis test for CP-VI and CP-IX
are displayed in Table 7.3 and the boxplots for the DOC concentrations for each category of
the physical characteristic of the catchments are displayed in Figure 7.8. The categories for the
physical characteristics include land cover, hydropedological soil group, topographical

position of the piezometer within the catchment and the slope curvature profile.

Mean values range from 3.61 mg/L * 2.76 to 6.29 mg/L + 5.64 within CP-VI and 2.53 mg/L
+1.94t0 5.01 mg/L £4.04 in CP-1X across all categories. There are statistical differences in
the land cover (p < 0.05 in CP-VI; p <0.001 in CP-IX) and hydropedological soil group (p <
0.001 in CP-VI; p < 0.05 in CP-1X) in both catchments. Furthermore, there is a statistical
difference in the topographical position of the piezometer within the catchment in CP-VI (p <
0.01) but not within CP-IX (p = 0.942). There is no statistical difference in the slope curvature
profiles in either catchment (p = 0.306 in CP-VI and p = 0.907 in CP-IX).

Thus, DOC concentrations are higher in the wetland vegetation land cover (mean = 6.29 mg/L
+ 5.6 in CP-VI and 4.60 mg/L + 4.0 in CP-IX) as compared to the terrestrial vegetation land
cover (mean = 4.06 mg/L + 3.8 in CP-VI and 2.53 mg/L £ 1.9 in CP-IX) and higher in the
saturated responsive soils (mean = 6.29 mg/L £ 5.6 in CP-VI and 4.05 mg/L + 3.7 in CP-IX)
as compared to the interflow soils (mean = 3.61 mg/L £ 2.7 in CP-VI and 3.21 mg/L + 3.09 in
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CP-IX). A multiple pairwise comparison using the Dunn’s procedure was undertaken on the
topographical position of the piezometers within the catchments as the degree of freedom for
this category is 2. Results show that within CP-VI there is a statistical difference between the
upper catchment (mean = 3.05 mg/L + 2.7) and the lower (mean = 5.60 mg/L + 5.1) and mid
catchment (mean = 5.58 mg/L * 3.4) positions. There is no statistical difference between the
mid and lower catchment positions. This is due to the majority of wetland systems within this
area of the catchment. In CP-1X the lower catchment position seems to show the greatest mean
value (5.01 mg/L + 6.5) for DOC concentration compared to the mid (3.34 mg/L + 2.1) and
upper positions (3.38 mg/L * 2.59), however these were not significantly different (p = 0.942).
Convex slopes seem to have the highest mean DOC values (5.43 mg/L £ 5.7 in CP-VI; 4.10
mg/L = 4.4 in CP-1X) compared to concave slopes (5.35 mg/L £ 3.9 in CP-VI; 3.40 mg/L £ 2.4
in CP-1X) in both catchments however these were not significantly different (p = 0.360 in CP-
VI; p =907 in CP-IX).

A comparison between the saturated responsive soils, the interflow soils, the wetland
vegetation and terrestrial vegetation groups of CP-VI and CP-1X was also conducted using the
Kruskal-Wallis test. There is a statistical difference between the saturated responsive soil group
of CP-VI and CP-1X (p = 0.00), but no statistical difference between the interflow soil group
(p = 0.79) as well as the wetland vegetation (p=0.08) and the terrestrial vegetation group (p =
0.07).
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Figure 7.8: Boxplots showing the minimum, first quartile, median, third quartile, and maximum

values for the range in DOC concentrations (mg/L) for the land cover, hydropedological soil

groups, position of the piezometer within the catchment, and the slope curvature profile for (A)
CP-VI and (B) CP-IX
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Table 7.3: Statistical results for CP-VI and CP-IX
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DOC Concentration ( mg/L)

Kruskal-Wallis test

Degree K
. o K p-value o
Catchment Physical characteristic of the catchment L ) of (Observ . Signific
Minimum | Maximum Mean (Critica | (one-
freedo ed ) ant
I value) | tailed)
m value)
Wetland vegetation 0.85 28.00 6.29 +5.64
Land cover i i 1 4.083 3.841 0.043 Yes
Terrestrial vegetation 0.19 12.31 4.06 £2.83
Hydropedologica | Saturated responsive soils 0.85 28.00 6.29 +5.64
) i 1 10.128 3.841 0.001 Yes
I Soil Group Interflow soils 0.19 12.31 3.61£2.76
cPvI Topographical | Upper catchment 0.19 12.31 3.05+2.76
position of the | Mid catchment 0.41 28.00 5.60 £5.17
) ) 2 12.808 5.991 0.002 Yes
piezometer in the
Lower catchment 2.15 14.78 5.58 £3.42
catchment
] Convex slope 0.48 28.00 543 +5.71
Slope profile 1 1.049 3.841 0.306 No
Concave slope 0.41 23.01 5.351£3.94
Wetland vegetation 0.90 24.08 4.60 +4.04
Land cover i i 1 18.571 3.841 | <0.0001 Yes
Terrestrial vegetation 0.42 8.75 2.5311.94
Hydropedologica | Saturated responsive soils 0.76 24.08 4.05 £3.76
) i 1 4.187 3.841 0.041 Yes
op-IX I Soil Group Interflow soils 0.42 15.00 3.21 £3.09
Topographical Upper catchment 0.81 12.04 3.38 £2.59
position of t_he Mid catchment 0.40 003 |3342216| o121 | 5991 | 0942 No
piezometer in the
catchment Lower catchment 0.98 24.08 5.01 +6.50
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Catchment

DOC Concentration ( mg/L)

Kruskal-Wallis test

Degree K
. - K p-value | =
Physical characteristic of the catchment o . of (Observ o Signific
Minimum | Maximum Mean (Critica | (one-
freedo ed ) ant
I value) | tailed)
m value)
] Convex slope 0.76 24.08 4.10 +4.49
Slope profile 1 0.014 3.841 0.907 No
Concave slope 0.42 12.04 3.40 £2.43
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7.4. DISCUSSION

7.4.1. DOC concentration in piezometers and seasonality

The seasonal trends of rainfall as well as the temperature variations experienced in the
Cathedral Peak catchments had an effect on the DOC concentrations in the piezometers.
Maximum DOC concentrations were recorded in the spring-summer months and minimum
DOC concentrations were recorded in the autumn-winter months. Several studies have
identified similar trends in the relationship between DOC concentration and the variation in
rainfall and temperature over different seasons (Hongve et al., 2004, Don and Schulze, 2008,
Erlandsson et al., 2008, van den Berg et al. 2012,) with DOC concentrations often increasing

significantly during storm events (Ran et al. 2013, Jung et al. 2014, Lee et al. 2019b).

In this study there was a seasonal correlation between DOC concentrations within the
piezometers and the streamflow discharge, however no linear relationship was identified. This
could be explained by the hydrological conditions of the catchment areas as a result of the
drought experienced in 2019. It is hypothesized that a lag time effect took place in which the
wetland areas were re-saturated following the onset of rain after the drought broke in early
2020. During this period the wetlands did not predominantly contribute to the streamflow. This
is shown in both the rainfall events and water table height of the wetland piezometers compared
to the streamflow discharge plots (Figures 7.6 and 7.7). Firstly, the piezometers in the wetland
areas in both catchments reach saturation in January 2020 following the beginning of the rains
after the drought, with the streamflow discharge from the catchment increasing in value in
February to March of the same year. This scenario is shown again, albeit to a lesser degree in
the same plots from both catchments, when, following the drier winter period, the piezometers
in the wetland areas reach saturation in November/December 2020, while the streamflow
discharge values increase in January/February 2021. This shows that while the wetlands were
becoming saturated, they did not contribute substantially to the streamflow, but once the
wetlands were saturated these could then contribute quickly to the streamflow discharge as

overland flow, increasing the quantity of streamflow discharging from the catchment areas.

The DOC values within the piezometers however spiked in the preceding months before
saturation was obtained in both catchment areas. Several studies have identified similar trends
in DOC concentration, with increases in DOC values recorded following dry conditions (Ritson
et al. 2017, Harjung et al. 2018, Coulson et al. 2022). These studies show that the desiccation
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of soils may decrease the microbial biomass as well as change the composition of the microbial
community as a result of some microbial communities resisting desiccation better than others.
Once the rains start again, pulses of water with strongly enhanced DOC concentrations are
released. This DOC and nutrient pulse originate from organic matter accumulated in the
terrestrial ecosystem during drought, as well as in fluvial sediments during the dry phase
(Coulson et al. 2022).

The trends in the level of saturation of the wetlands and the DOC concentration was observed
in both catchments. The understanding of the dynamics of the wetlands within a catchment is
therefore important. A number of studies have identified good correlations between the
abundance of saturated wetland areas and the DOC concentrations within streamflow discharge
of a catchment (Morel et al. 2009, van den Berg et al. 2012, Huntington and Aiken, 2013).

7.4.2. Effect of wetlands on DOC concentration

Wetland vegetation and the saturated responsive soil group had the highest concentration of
DOC across both catchments. This is likely due to the soils associated with the saturated
responsive soil group (wetland areas) having a higher organic matter and carbon percentage as
compared to the interflow soil group (terrestrial vegetation). Studies have highlighted that
microbial activity degrades SOC into DOC or mineralises SOC into dissolved inorganic carbon
(Bengston and Bengtsson, 2007, Chow et al. 2006, Li et al. 2019) and this may be a further
study that is required in the understanding of the dynamics of the attenuation and export of
DOC within these catchment areas. It has also been hypothesised that DOC can be absorbed
by metal elements within the soil, such as iron and/or aluminium, but this is dependent on the
organic matter dynamics in the soil (Buurman & Jongmans, 2005; Wu et al., 2012). Buurman
and Jongmans, (2005) showed that in hydromorphic soils, the breakdown of organic carbon
(OC) can be inhibited by complexed aluminium and iron within the soil, soil acidity, or lack of
oxygen and therefore lower microbial activity, leading to an accumulation of OC within these
areas. This could be a further explanation for the increase in OC in the saturated responsive
soil group in this study leading to a higher concentration of DOC in the piezometers located in

this group.

A statistical difference was identified between the upper and mid and lower positions of the
piezometers within CP-VI, but no statistical difference was identified in the topographical

position of the piezometers in CP-1X. This can be explained utilising the hydropedological soil

161



Chapter 7

group maps (Figure 7.3) which show that the mid slopes of CP-V1 are dominated by wetland
systems with the majority of piezometers concentrated within this area. The wetland systems
in CP-1X are spread out across the upper, mid, and lower positions of the catchment area, thus
allowing for a more evenly distributed concentration of piezometers within this catchment area.
Slope curvature did not show any significant differences between the concave and convex
slopes in this study. This is most likely due to the wetlands within both catchments
encompassing both convex and concave slopes within their microtopography. The presence of
the wetland as a whole system was a greater indicator for higher DOC concentrations. Similar
findings have been recorded by Huntington and Aiken (2013) as well as Lee et al. (2019b).

7.4.3. The effect of land cover on DOC concentrations in the piezometers

A comparison of the DOC concentration from the piezometers in the wetlands in CP-VI and
CP-IX shows a slightly greater concentration of DOC in CP-VI (mean of 6.29 mg/L £ 5.6 in
CP-VI and a mean of 4.60mg/L % 4.04 in CP-1X). The effect of land cover may be attributed
to this difference. CP-VI is a mesic grassland catchment, interspersed with wetland systems
that is burned biennially during spring. CP-1X was a grassland ecosystem, like CP-VI, but is
changing to a woody dominated catchment, interspersed with wetland systems, as a result of
fire exclusion. Fire is utilised as a management tool in CP-V1, and this may have an effect on
the DOC concentrations. The effects of fire on DOC concentrations, have shown variation
across space and time. In a study conducted by Uzan et al. (2020) wildfires had an effect on
the water quality of the affected areas compared to a reference state. DOC values were
significantly higher within the first year after a burn, but then returned to levels similar to the

reference state within the second year.

In another study, Novora et al. (2013) experimented on the effects of using fire as a grassland
management tool on the SOC stocks. Results of this study show no significant difference
observed in the SOC before and after fire. In a further study conducted by Kim et al. (2016),
forest fires set as a management tool did not significantly alter the organic carbon composition
of the mineral soil associated with these areas. As SOC stocks have an impact on the DOC
concentrations of an area, the effect of fire can induce an increase in DOC concentrations, but
this does not appear to be long-lasting. In the studies the fire temperature was kept low, and
this may be a determining factor in the impact of fire on DOC concentrations. Gonzalez-Pérez
et al. (2004) identified that the effect of fire on soil organic matter is dependent on a number

of factors including the type and intensity of fire, the soil moisture at the time of the fire as well
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as post recovery, the soil type, the microbial activity, and the nature of the land cover that is

burned.

In a review on the effect of land use and burning on organic matter in South African soils, du
Preez et al. (2011) identified that studies show that long-term burning regimes in grasslands
led to a decrease in SOC up to a depth of 20 mm as a result of annual and biennial winter
burning, whereas burning in spring did not affect the OC content. A recent study by Findlay et
al. (2022) in the Cathedral Peak area showed an increase in SOC stocks with the use of long-
term frequent fires as part of the management of these areas. This was ascribed to the acidic
nature as well as the high organic matter content within these soils. This study attributed the
increase in SOC stocks to an equilibria that exists between CO> and the clay mineral kaolinite
that generates enough acidity to dissolve clay minerals and sustain concentrations of aluminium
(APY). These concentrations of AI** are required for the complexation of carboxylate groups
in SOM, protecting it from microbial decomposition. Similar findings, regarding the influence
of Al**on dissolved organic matter (DOM), of which DOC forms a component, were obtained
in two studies by Scheel et al. (2007 and 2008). Here it was determined that concentrations of
AlI®* reduce the bioavailability of DOM after its rainfall against microbial decay. This is
particularly so at low pH values. The 2008 study went on to show that concentrations of AI**
do not reduce availability of DOM to microbes through toxicity but rather inhibit DOM
availability through the formation of organo-Al precipitates.

In this study the effect of the management fire that was burned on the 7! October 2020, had no
effect on the DOC concentrations in CP-VI. No elevation in DOC concentration was recorded
in the piezometers between September 2020 (monthly average of 5.81 mg/L), October 2020
(monthly average of 5.61 mg/L) and November 2020 (monthly average of 5.47 mg/L). This
may be explained, as is the case in the Gonzalez-Pérez et al. (2004), and Kim et al. (2016)

studies, by the low fire intensity used in the management of CP-VI.

Further to the discussion on the impact of land management on the DOC concentrations in CP-
VI and CP-IX, a statistical difference between the saturated responsive soils (p = 0.00) in CP-
VI and CP-IX was recorded, but no statistical difference was recorded between the interflow
soil group (p = 0.79) as well as the wetland vegetation (p = 0.08) and terrestrial vegetation (p
= 0.07) land cover groups. As the two catchment areas are managed differently, one would

expect significant differences between all groups when comparing the two catchment areas. As

163



Chapter 7

this was not the case, it is more likely the amount of SOC present in the wetlands, of each

catchment, that has a larger effect on the recorded DOC concentrations within the piezometers.

Numerous factors are therefore influencing the concentration of DOC within both catchment
areas. Studies that have focused on land cover, soil type and characteristics and fire regimes
have all found variations in the contributions of these aspects to the concentration in DOC.
This suggests that DOC concentrations within a particular catchment are highly variable, and
no generalized trends can be recommended. It is difficult to explain impacts on DOC
concentration based solely on one aspect. Despite this, the contribution of wetlands to the DOC
concentrations in the Cathedral Peak catchments is evident. Wetland ecosystems are formed as
a result of the surrounding landscape in which they are situated (Branton and Robinson, 2020)
and can thus occur under differing land types, topographical positions, slope profiles and soil
types. It is this heterogeneity of wetland systems that demonstrates that one should examine a
combination of the environmental drivers of DOC concentrations within a catchment area. It
is most likely that there are interactions between the different environmental drivers and the
product of the impact of these drivers on the DOC concentration is greater than the effect of

each individual driver alone (Clark et al. 2010).

7.5. CONCLUSION

DOC production and transport have been identified as being sensitive to climatic drivers
including seasonal rainfall and temperature. Furthermore, this study has identified similar
findings to previous studies regarding the presence of wetland systems being a major driver in
DOC concentrations. The effects of the 2019 drought on the dynamics of the movement of
water through the Cathedral Peak catchment areas, the streamflow discharge and how these
interrelate to the DOC concentrations was observed. The connectivity of the wetlands to the
streams within both catchments plays a role in the attenuation and export of DOC within these
watersheds. The effects of land cover as well as the fire management regimes of the catchment
areas, did not provide definitive results regarding the contribution of these factors to the DOC
concentrations. The DOC concentrations are more likely affected by the SOC concentrations

within the wetland systems of each catchment.

Given the sensitivity of DOC export to climatic factors, climate changes may affect the export

of DOC through changes in flow rates and pathways, and changes in rates of decomposition.
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This is particularly so with changes in the hydrologic conditions that would affect wetland
abundance, wetland type as well as their connectivity to the stream. Effects of increasing
drought as well as increasing intensity of storms could also play a role in the accumulation and
transport of DOC within these Afromontane catchments. Further studies on DOC within these
catchments should include incorporating stable isotopes to determine the origin of the DOC,
the effect of microbial activity, as well as the effect of the fire management regimes. This will
aid in understanding the contribution of DOC to the overall carbon budget of these catchment

areas.
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Chapter 8

CHAPTER 8 - THE USE OF HIGH FREQUENCY
MEASUREMENTS TO DETERMINE THE INFLUENCE OF
HYDROPEDOLOGY ON DOC EXPORT IN AFROMONTANE
CATCHMENTS

Abstract

Carbon is one of the most important elements in the biosphere, and the ability to trace its path
and residence time enhances our ability to study biogeochemical cycles. The use of high
frequency optical sensors enables a deeper understanding of the importance of the influence of
the hydropedological connectivity of catchment areas, and in particular the wetland systems,
on dissolved organic carbon export. This study aimed to determine the factors which control
fluxes of DOC from two Afromontane catchments. Data was collected every 15 minutes for a
three-year study period. The average DOC concentration per day was calculated from this data
set. We used this data to compare DOC concentrations against the daily rainfall, daily average
water temperature, daily average turbidity, daily average conductivity, daily average total
organic carbon and daily streamflow discharge for the study period. Furthermore, the daily flux
rate was calculated utilising the average daily DOC concentration and the daily streamflow
measurements recorded at each catchment’s individual weir. We identified seasonal variability
of DOC concentrations and flux rates with these being generally lower in dryer seasons and
higher in wetter seasons. We furthermore identified the importance of the connectivity of flow
paths and how these influence the fluxes of DOC. Connected flow paths between upslope
wetland areas and the stream network increase DOC export from the catchment areas. The
hydropedological influence of the soil groups and how these interact with each other at various
timescales including seasonal flow paths as well as event flow paths affects the flow of DOC
within the stream networks. Given the importance of these mountainous watersheds to the
ecohydrological services of downstream ecosystems, the data gathered by the optical sensors
has allowed for an explanation in determining the drivers of DOC export both at the seasonal

scale as well as during event driven periods.

177



Chapter 8

8.1. INTRODUCTION

Carbon is one of the most important elements in the biosphere, and the ability to trace its path
and residence time enhances our ability to study biogeochemical cycles (McNichol and
Aluwihare, 2007). One of the crucial linkages between the land and ocean within the global
carbon cycle is the transport of dissolved organic carbon (DOC) along streams and rivers
(Jeong et al. 2012). The understanding of the dynamics of how DOC is processed and
transported through stream networks is of importance as this organic carbon element is not
only a master water quality variable in aquatic ecosystems (Ruhala and Zarnetske, 2017) but is

also a major contributor to the carbon budget of a catchment area (Rlegg et al. 2015).

The input of allochthonous material in the form of DOC to streams and rivers is dominated by
the direct inputs of organic matter associated with the transport of surface water or
groundwater, which passes through or over soil before entering surface water. The majority of
organic matter enters a stream this way, as only a small fraction of water typically enters a
stream directly as rainfall (Aitkenhead-Peterson et al. 2003). The river itself is therefore not
the source of the majority of DOC but is instead the conduit of DOC (Worrall et al. 2012). The
importance of soils in the fluxes of DOC in streams and rivers has therefore gained considerable
interest, with many studies identifying that the fluxes of DOC relate to soil characteristics as
well as the size of the soil carbon pool (Aitkenhead et al. 2007, Worrall et al. 2012).

Fluxes of DOC have also been found to be highly variable in time and have been attributed to
climatic factors, such as rainfall, temperature, and storm events, as well as stream discharge,
soil type, the slope of a catchment and the chemical attributes of the stream water including the
pH, the carbon : nitrogen ratio, and the electrical conductivity (Aitkenhead et al. 2007, Worrall
et al. 2012). Further to these factors, understanding changes in hydrological flow paths through
catchment areas is fundamental in understanding the temporal dynamics of DOC (Tunaley et
al. 2016).

This variability in both the concentration and controls of DOC often leads to a rapid shift in
DOC concentrations. This is due to DOC concentrations being dependant on varying
hydrological conditions and how these relate to the flow paths of a catchment area. For
example, DOC concentrations can be controlled by the hydrological conditions during a storm

event as well as the preconditions of the catchment before the storm event occurs (Werner et
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al. 2019). During drought years, or a dry season, the lack of connectivity of hydrological flow
paths to the stream reduces the export of DOC, while in wetter years, or wetter seasons,
connected flow paths allow for the movement of DOC out of the catchment at much quicker
time scales (Chaplot and Ribolzi, 2014). These conditions result in highly dynamic systems
with processes interacting at timescales ranging from the event scale of hours to days to the

timescales of seasons (Werner et al. 2019).

The importance of high frequency sampling in capturing these rapid shifts is emerging as a
critical tool for understanding DOC transport and processing from hillslopes to streams and
from streams to downgradient ecosystems (Ruhala and Zarnetske, 2017). The use of high
frequency sensors allows one to capture DOC variations at time scales corresponding to the
hydrological and biogeochemical dynamics of a stream system (Tunaley et al. 2016). High
frequency optical sensors have become major tools in understanding the fluxes of DOC from
catchment areas. By combining DOC concentration measurements taken every 15 minutes by
the optical sensor and stream discharge measurement we can improve our understanding of
solute transport pathways as well as active source areas within a catchment (Vaughan et al.
2017).

Many studies have established the importance of understanding DOC dynamics within aquatic
ecosystems (Pagano et al. 2014, Kharbush et al. 2020). However, in South Africa, little work
has been completed on the dynamics of DOC (Chaplot and Ribolzi, 2014, Kieft et al. 2018,
Nkambule et al. 2020). Furthermore, mountainous watersheds have received little attention as
sources of DOC (Milliman and Syvitski, 1992) across the globe and this is particularly so in
the Afromontane regions of South Africa. Small mountainous streams are of importance as,
they are vital sources of freshwater for both local and national economies and provide several

ecohydrological services to downstream locations (Brooks and Vivoni, 2015).

Mountainous streams are also located in areas of heterogenous climatic conditions and
topography, and these generate fluctuating scales of the impact of the various factors that
control DOC export across both seasonal and event (storms) scales (Rosset et al. 2020). In
South Africa, the uKhahlamba-Drakensberg Mountain range is one such area in which varying
climatic, land cover and topographical conditions allow for the study of the contributing factors

which control DOC export. By combining the use of high frequency optical probe data with
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the collection of environmental data, we can improve our understanding of the key controls of

the DOC dynamics of this area.

This study aimed to determine the factors which control fluxes of DOC from two Afromontane
catchments in the Cathedral Peak area of the uKhahlamba-Drakensberg Mountain range, with
the use of high frequency optical sensors installed at the outlets of each catchment. Three years
of data were used to couple DOC concentrations with (i) the climatic conditions experienced
in the catchment areas, (ii) the streamflow dynamics of the stream systems and (iii) the temporal
variability in the hydrological connectivity of the catchment areas. Furthermore, the DOC flux
patterns are compared against two similar catchment areas, but with different land management

regimes.

8.2. MATERIALS AND METHODS

8.2.1. Study site
Details of the study area are given in Chapter 3. Two of the research catchments were selected
for this study, namely, CP-VI and CP-1X.

8.2.2. UV-Vis high frequency optical probe measurements

Two submersible, portable multi-parameter UV-Vis probes (spectro::lyser, s::can Messtechnik
GmbH, Austria) were installed in the weirs of CP-VI and CP-1X. The sensors were housed in
PVC tubing installed within the weirs for protection from debris and deep enough to be
submerged all along the year. Solar and battery power were utilised for the operations of the
data logger and the data downloaded on a monthly basis (Figure 8.1). These spectrometer
probes work according to the principle of the UV-Vis spectrometry and thus measure light
absorbance at wavelengths ranging from 220 nm to 750 nm at 2.5 nm increments along an
optical length of 35 mm suitable for natural surface water. A xenon light beam is therefore
emitted by a lamp within the probe and this light will weaken after coming into contact with
various dissolved substances within the water being measured. The intensity of the light is
measured by a detector over a range of wavelengths, as each molecule of a dissolved substance
absorbs radiation at a certain and known wavelength. The concentration of the dissolved
substances is then determined by the intensity of the absorption of the sample. For example,
the higher the concentration of a certain substance, the more it will weaken the light beam
(Langergraber et al. 2003).
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The UV-Vis probes calculates dissolved organic carbon concentration (DOC), total organic
carbon concentration (TOC) and turbidity every 15 minutes using a global calibration proposed
by the manufacturer which is based on partial least square analysis (PLSR) of hundreds of
datasets containing UV-vis spectra and laboratory measurements of these parameters in
different surface water (Van den Broeke, 2007). Even if this global calibration gives correct
estimates of these parameters (Vallet et al., 2020), a lot of studies generally proposed their own
calibration approach in order to adapt it to the specificity of the studied sites (Brandstetter et
al. 1996; Werner et al. 2019 among others). In this study, the sampling sites were unreachable
during or near rainfall events (because of security issues), and thus it was not possible to
establish our own calibrations. We therefore used the global calibration. In the rest of the
chapter, the DOC and TOC concentration as well as the turbidity will be called DOC probe,
TOC probe and turbidity probe respectively. DOC and TOC concentrations are given a with a

2.3% precision.

A separate probe (condu::lyser, s::can Messtechnik GmbH, Austria) measured the conductivity

(the ability of an aqueous solution to carry an electric current) and the water temperature with

the same time step (Roosmini et al. 2018).

Figure 8.1: The different components of the UV-Vis probes installed at the weir in CP-VI and
CP-IX, including the data logger installed in the weir hut
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8.2.3. Climate and climatic monitoring of the Cathedral Peak research catchments

The Cathedral Peak research catchments fall within the summer rainfall region of South Africa.
The mean annual precipitation (MAP) for the area is approximately 1400 mm with a gradient
of increasing rain between the south-eastern areas (which receive approximately 1300 mm) to
the western areas (which receive approximately 1700 mm). CP-IIl has a MAP of 1564 mm,
CP-VI has a MAP of 1340 mm, and CP-1X has a MAP of 1257 mm (Toucher et al. 2016).
Rainfall is measured with tipping bucket rain gauges installed in the mid position of each of
the catchments. Half of the rainfall events in the catchments are brought about by localised
thunderstorms which fall during the spring and summer months (September to March), with
occasional snowfall received during winter (May to August). The clouds forming these
thunderstorms come from the west of the catchment areas. Orographic rainfall, produced from
clouds forming in the east of the catchments, also create longer periods of softer rainfall which
can fall for several days (Bosch, 1979, Nanni, 1956, Everson et al. 1998, Toucher et al. 2016).
Mean monthly temperatures range from 17.1°C to 10°C with frost common in autumn and
winter (April to August) (Bosch, 1979, Everson et al. 1998, Gordijn et al. 2018; Toucher et al.
2016).

Streamflow monitoring was initiated in the two catchment areas during the late 1940’s and
1950’s (Toucher et al., 2016). At the outlet of each catchment a concrete weir and stilling hut,
with 90-degree VV Notches were installed. These V Notches are 18 inches deep and are
surmounted by 6 feet wide rectangular notches of varying depth. Details of how early
measurements were taken, error checked and processed are given in Toucher et al. (2016). The
water stage-height at each weir is currently monitored using an Orpheus Mini (Ott Hydromet
GmbH, Germany) at CP-VI weir and CS451 Stainless steel SDI-12 Pressure Transducers with
CR200 loggers at the CP-VI and CP-IX weirs. There are two pressure transducers installed at
weir CP-VI as this is the core catchment and thus the quality of streamflow records is ensured
(Toucher et al. 2016).

Catchment specific rainfall and streamflow data were therefore utilised for this study.
However, in CP-1X equipment problems led to periods of missing streamflow discharge data
in October 2019 as well as between August and November 2020. These periods of missing data

were removed from the database.
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8.2.4. Hydropedological characteristics of the research catchments

A detailed description of the hydropedological flow paths of the two research catchments is
provided in Chapter 5 and is briefly described here. Utilising the hydropedological soil group
maps created for the catchment areas as described in Harrison and van Tol (2022) (Figure 8.2)
as well as site specific measurements of the precipitation, streamflow discharge data and water
table depth measurements, an understanding of the hydropedological flow paths of the

catchment areas was achieved.

Legend

Hydropedology Soil Group

- Recharge Shallow

Recharge Deep 0 250 500
[ e — S ES
- Interflow

- Saturated Responsive

Figure 8.2: Hydropedological soil group maps for CP-VI and CP-IX (from Harrison and van
Tol, 2022)

Soils of the catchment areas were grouped into hydropedological soil types, namely, shallow
recharge soils, deep recharge soils, interflow soils, and saturated responsive soils, based on the

classifications from van Tol and Le Roux (2019).

Utilising these classifications, the following hydropedological flow paths have been
determined. When rainfall falls in the upper reaches of the two catchment areas it will enter
into the hydropedological recharge soil group. The dominant flow direction in recharge soils
is the vertical flow of water through and out of the profile into the underlying bedrock. In the

catchment areas this hydropedological soil group is separated into the recharge shallow soils
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and the recharge deep soils. Recharge shallow soils occur in the steeper areas of the catchments,
and this forms their shallow nature (<500 mm). Here the freely drained B horizon merges with
fractured rock or a lithic horizon. The recharge deep soils are similar to the recharge shallow
soils, but the thickness of the profile is far greater (>500 mm). This is largely due to their
position within gentler topographical areas of the catchments. Water that moves through these
soils would recharge the deeper aquifers associated with the catchment areas, or if it encounters
more impermeable rock such as sandstone or basaltic outcrops, it will flow laterally, and
recharge shallow aquifers associated with seasonal hillslope seepage areas.

Interflow soils located downgradient of the recharge soils are associated with two dominant
flow paths. Rainfall would first flow vertically through the free-draining upper profile of these
soils before it encounters relatively impermeable bedrock. Hydromorphic properties have
developed at this point in the soil profile, signifying periodic saturation associated with a water
table. At this soil bedrock interface water will move laterally into the stream network or
downgradient. The contribution of the flow dynamics of the interflow soils to the streamflow
network is dependent on the climatic conditions of the catchment areas. The saturation levels
of these soils increase during the wetter years as well as the wetter seasons. However, they do
not become saturated and thus contribute to the baseflow of the streams year-round through

lateral flow.

The recharge saturated soils are located in the wetland areas. These soils show morphological
evidence of long periods of saturation such as a gleyed matrix as well as mottling. Based on
site specific measurements of the catchments areas, these soils have drying and wetting cycles
which follow seasonal trends. During drier years as well as drier seasons these soils attenuate
water, and do not contribute substantially to the streamflow discharge of the catchment. During
wetter years as well as wetter seasons the saturated responsive soils become saturated and will
remain saturated until climatic conditions change. Once saturated, they cannot attenuate any
further water, and will generate shallow subsurface as well overland flow to the stream
network. Diagrams of the flow paths identified in CP-VI1 and CP-1X are displayed in Figure 8.3
and Figure 8.4.
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8.2.5. Data Analysis
The UV-Vis probes measured data every 15 minutes for a three-year study period from the 1%
of July 2019 to the 28" of June 2022 for both CP-VI and CP-IX. The average DOC probe

185



Chapter 8

concentration per day was calculated from this data set. The data set for CP-VI however had a
number of gaps as a result of power failures during particular times of the study period. The
gaps in the data ranged from particular times within a day as well as multiple days within a
month. As no formal rule could be identified in how to deal with missing data (Anderson and
Gough, 2018), we took into account the World Meteorological Organisation (WMO)
guidelines on the calculation of climate normals (World Meteorological Organization, 2017).
These guidelines recommend that if there is greater than 11 days of consecutive data missing
in a month, the month should be excluded. Further, we choose to exclude a day within a month
if more than 30% of the daily record was missing. For CP-VI, we therefore excluded 01/2020,
12/2020, 01/2021, 02/2021 and 08/2021 from the data set. We did not exclude any optical
probe data from CP-1X, however as already stated streamflow data from CP-1X was excluded
for 10/2019 and 08/2020 to 11/2020.

The minimum, maximum, and weighted mean DOC probe values were calculated per

catchment from the data set. The weighted mean was calculated according to Equation 1.

_ Yiqlciedd
Cn = ¥ [Q;] (D

Cm is the discharge weighted mean concentration of the given time period
Ci is the instantaneous concentration measured n times during the period

Qi is the instantaneous discharge corresponding to the measured instantaneous concentration Ci

The daily average DOC probe concentrations were compared against the daily rainfall, daily
average water temperature, daily average turbidity probe concentration, daily average
conductivity, daily average total organic carbon (TOC) and daily streamflow discharge for the
study period. Plots of the comparisons were created, and linear regression analysis was

undertaken.

8.2.6. DOC flux rates
The daily flux rate was calculated utilising the average daily DOC probe concentration and the

daily streamflow measurements recorded at each catchment’s individual weir as per Equation

2.
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Y0604
T (2)

Flux is the daily DOC probe flux rate

Flux =

Ci is the instantaneous concentration measured n times during the period
Qi is the instantaneous discharge corresponding to the measured instantaneous concentration Ci

Qm is the average discharge of the considered period

The relationships between streamflow discharge, rainfall, and the monthly average DOC fluxes

were plotted using line plots to identify potential controlling variables on the DOC fluxes.

8.2.7. Rainfall events data collection

Three typical rainfall events were selected during the study period to identify relationships
between rainfall, streamflow discharge and DOC probe concentrations. Five minute rainfall
data was correlated to thirty minute height changes in the streamflow discharge at the weirs as
well as fifteen minute DOC probe concentration data as recorded by the optical sensors. The
following rainfall events were selected; (i) a short rainfall event of 3 hours and 40 mins (7.62
mm in CP-VI and 19.30 mm in CP-1X) which occurred on the 28" °F November 2019 during
the drought period, (ii) a longer rainfall event of 79 hours (146.81 mm in CP-VI and 139.70
mm in CP-1X) which occurred between 6" February to the 10th February 2020, as the drought
period was ending, and (iii) a shorter but larger rainfall event of 23 hours (52.59 mm in CP-VI
and 50.04 mm in CP-1X) which occurred on the 4" February 2022 during the wettest season
within the study period.

8.3. RESULTS

8.3.1. General trends in DOC concentration

Daily rainfall data compared against daily streamflow discharge and average daily DOC probes
concentration data are shown in Figure 8.5 for CP-VI and Figure 8.6 for CP-1X during the study
period July 2019 to June 2022. Rainfall largely falls within the spring-summer months
(September to March), with little to no rain within the autumn and winter months (April to
August). Drought conditions were experienced within both catchment areas during 2019 and
thus the yearly total for the July 2019 to June 2020 period (CP-VI =802.6 mm; CP-IX =927.4
mm) was lower than the July 2020 to June 2021 (CP-VI = 1129.8 mm; CP-IX = 1331.0 mm)
period. The July 2021 to June 2022 period was wetter still (CP-VI = 1603.5 mm; CP-IX =
1458.7 mm) with this shift in climatic conditions likely to have been brought about by the La
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Nifa conditions experienced during this time. La Nifia conditions are associated with a
substantial increase in the occurrences of cut-off lows over subtropical southern Africa, and
this influences rainfall events (Singleton and Reason, 2007). Comparisons of the rainfall data
obtained during the study period with rainfall data collected since 2014, shows that 2019 was

a typically dry year, with 2020 and 2021 being a typically wetter year (Table 8.1).

Table 8.1: Rainfall data for CP-VI and CP-1X from 2014

Year Rainfall (mm)

CP-VI CP-IX
2014 893.6 1167.2
2015 607.3 771.8
2016 1180.1 1285.2
2017 1263.9 1146.1
2018 770.1 977.9
2019 829.6 884.9
2020 1261.1 1274.1
2021 1472.7 1378.7

The streamflow discharge data generally followed a similar trend to the rainfall data, with
higher streamflow conditions experienced in the wetter seasons (spring-summer) as well as the
wetter years (2021, 2022) (Figure 8.5 and Figure 8.6). There was furthermore a general increase
in the DOC probes concentration with an increase in stream discharge. However, this
relationship was not linear, with the highest values for stream discharge not always
corresponding to the highest values for DOC probes concentration in either season, or in the

wetter versus drier years.

The weighted mean average daily DOC probes concentration over the study period was 0.7
mg/L in CP-VI and 0.8 mg/L in CP-IX. During summer the concentrations of DOC were
generally higher, with the maximum value of 3.7 mg/L (7" February 2020) in CP-VI and 3.0
mg/L (1% November 2020) in CP-IX recorded in the summer season and following the onset
of rains after dry conditions. The minimum value of 0.4 mg/L (26" July 2020) in CP-VI and
0.4 mg/L (27" July 2020) in CP-1X were recorded in the winter season, coupled with low flow

conditions in both catchments.

A summary of the values recorded is provided in Table 8.2.
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Mean Max | Min Std Dev
July 2019 - June 2020 2.7 49.5 0.0 7.1
July 2020 - June 2021 3.9 653 | 0.0 9.8
Rainfall (mm) July 2021 - June 2022 45 | 617 | 00 9.4
Whole Study Period 3.7 653 | 0.0 8.8
July 2019 - June 2020 11 4.9 0.2 1.0
Streamflow July 2020 - June 2021 2.3 18.9 0.5 2.4
Discharge (mm) July 2021 - June 2022 2.6 11.0 | 04 2.2
Whole Study Period 2.0 18.9 0.2 2.1
July 2019 - June 2020 0.7 3.7 0.4 0.4
DOC probe July 2020 - June 2021 06 | 29 | 04 03
concentration
(mg/L) July 2021 - June 2022 0.7 2.5 0.5 0.3
Whole Study Period 0.7 3.7 0.4 0.4
July 2019 - June 2020 0.7
R Discharged July 2020 - June 2021 0.7
CcP-vi Weighted Mean Iy '
(mg/L) July 2021 - June 2022 0.7
Whole Study Period 0.7
_ July 2019 - June 2020 143 | 196 | 9.1 2.5
Daily Average July 2020 - June 2021 137 | 183 | 88 25
Water Temperature
°C) July 2021 - June 2022 147 | 182 | 8.2 2.1
Whole Study Period 14.3 19.6 8.2 2.4
July 2019 - June 2020 1.8 8.7 0.5 1.2
Daily Average July 2020 - June 2021 2.6 13.2 0.9 1.6
Turbidity (FTU) July 2021 - June 2022 3.4 145 | 12 1.6
Whole Study Period 2.6 145 0.5 1.6
_ July 2019 - June 2020 951 |102.2| 60.4 6.3
Daily Average July 2020 - June 2021 | 941 | 1146 70.9 5.8
Conductivity I
(uS/em) July 2021 - June 2022 880 | 98.1 | 65.2 5.6
Whole Study Period 92.3 1146 | 604 6.8
July 2019 - June 2020 2.9 51.1 | 0.0 7.2
. July 2020 - June 2021 3.9 683 | 0.0 9.7
Rainfall (mm)
July 2021 - June 2022 4.0 57.9 0.0 8.8
Whole Study Period 3.6 68.3 0.0 8.7
July 2019 - June 2020 0.6 2.3 0.1 0.6
CP-IX Streamflow July 2020 - June 2021 1.9 11.8 0.5 1.6
Discharge (mm) July 2021 - June 2022 1.5 6.6 0.2 1.3
Whole Study Period 13 11.8 0.1 1.3
July 2019 - June 2020 0.6 2.7 0.4 0.3
CoDrignl;’rraot?gn July 2020 - June 2021 0.6 31 | 04 0.3
|
(mg/L) July 2021 - June 2022 0.8 2.5 0.5 0.3
Whole Study Period 0.7 3.1 0.4 0.3
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Mean | Max ‘ Min ‘ Std Dev
July 2019 - June 2020 0.7
Discharged July 2020 - June 2021 0.7
Weighted Mean ny ! '
(mg/L) July 2021 - June 2022 0.9
Whole Study Period 0.8
_ July 2019 - June 2020 140 | 192 | 82 2.8
Daily Average July 2020 - June 2021 133 | 172 | 76 2.4
Water Temperature
(°C) July 2021 - June 2022 136 | 185 | 6.7 2.6
Whole Study Period 137 | 192 | 6.7 2.6
July 2019 - June 2020 1.1 88 | 02 0.9
Daily Average July 2020 - June 2021 1.8 10.8 0.7 1.3
Turbidity (FTU) July 2021 - June 2022 2.3 112 | 0.7 1.4
Whole Study Period 1.7 11.2 0.2 13
_ July 2019 - June 2020 761 | 86.1 | 535 6.1
Daily Average July 2020 - June 2021 | 711 | 831 | 47.9 6.8
Conductivity
(uS/em) July 2021 - June 2022 700 | 854 | 53.8 5.8
Whole Study Period 724 | 86.1 | 47.9 6.8

Average daily and monthly water temperatures recorded by the probes exhibited strong
seasonal patterns with an increase and decrease in water temperature for the summer and
winter months respectively. When compared against DOC probes concentrations results show
that increase and decrease trends in the average monthly DOC probes concentrations are
correlated with trends in water temperature for both catchments (Figure 8.7 and Figure 8.8).

Daily average turbidity probes patterns ranged from 0.5 FTU (in CP-VI) and 0.2 FTU (in CP-
IX) both recorded in the winter dry period, to 14.5 FTU (in CP-VI) and 11.2 FTU (in CP-IX)
both recorded in the wetter summer season. The average turbidity probes values are 2.6 FTU
(for CP-VI) and 1.7 FTU (for CP-IX) with increases and decreases in the values following the
hydrological cycle of the catchment areas. There is an increase in turbidity during the wetter
seasons and a decrease in the drier seasons. Higher values for turbidity were captured by the
probe in the weir of CP-VI as compared to the probe in the weir of CP-1X (Figure 8.9).

Daily average conductivity values range from 60.5 ps/cm to 114.6 ps/cm for CP-1V and 47.9
ps/cm to 86.1 ps/cm for CP-1X. Conductivity values gives an index of the total solute
concentration within the stream waters. Conductivity values decreased during wetter periods

and increased during drier periods. Correlations between the daily average DOC probes
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concentrations show an inverse relationship, with an increase in DOC correlated to a decrease

in conductivity during the same time periods for both catchment areas (Figure 8.10).
Correlations between the TOC probes values and the DOC probes values show a linear

relationship in both catchments. The majority of TOC within the streams of CP-VI and CP-1X
can therefore be linked to DOC (Figure 8.11).
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Figure 8.5: Graphical depictions of the daily rainfall and streamflow compared against the
average daily DOC probe concentration as measured by the probes in CP-VI

191



Chapter 8

2 . , . . . — . - T | n— 4.0
oo o0 ‘ \ 'W" \"w “ "‘w' r | I M T |u“lu "lH | il ll' N 1 ‘\M INTI RN
10.0 18.0
35
20.0 |
16.0
3.0
30.0 .
3
- sb
Z 400 L. =
g S 8
g E
£ 500 8
= 3
g‘ S
=, 60.0 9]
z 2
< 2
2 700 T |
- 1 =
HEH . &
My i, ]
00 il i g
Wi M [H <
mt " .
HI i
. AR |
PR R AR AT T
1 e A R RR RS
100.0 20 redlmeed RSCPNIRY Lh
100 0o
2222225355358 88888s353:533s535888888%
a a a a a a a aa aa a a a a a aaaaaaaadaaaaaaaaaa
CP-IX E ®% & S = d = 6 @m F @ 9 @ S = = dmF M B E B RS S oA =A@ Fon D
e 8 @ o oo e e e e e e 2 Q@ o o 8 2 e 2 € e e € 8 o oo e e e e e e
S 55 o5 S5 o oo oo oo o oo oo o oo oooooooocoooco oo o
Date
mmm Streamflow discharge (mm) ~— ==--- Daily Average DOC (mg/L) m Daily precipitation (mm)

Figure 8.6: Graphical depictions of the daily rainfall and streamflow compared against the

average daily DOC probe concentration as measured by the probes in CP-1X
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Figure 8.11: Correlations between the DOC and TOC values as measured by the probes in CP-
VI and CP-IX

8.3.2. Monthly DOC fluxes
Monthly DOC flux calculations (kg/month) ranged from 4.54 kg/month to 98.70 kg/month in
CP-VI and 1.16 kg/month to 69.49 kg/month in CP-IX (Figure 8.12, and Figure 8.13).

Comparisons of the monthly DOC probe fluxes against rainfall and monthly streamflow show
that the lower fluxes occurred in the drier months, both seasonally (autumn-winter period) as
well as during the drought period in 2019 (October 2019 to January 2020), while the higher
values occurred in the wetter seasons (spring-summer period), when streamflow discharge

levels were higher.
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These general trends were however not linear, with the highest concentration of DOC not
corresponding with the highest discharge for the study period in either catchment. Higher flux
rates were recorded in the initial re-wetting of the catchment areas following dry periods. For
example, in CP-VI the highest recorded flux rate of 98.70 kg/month of DOC occurred in
February 2020 following the onset of rains after the drought period. The streamflow discharge
values during this month (61.47 mm/month) were however not the highest recorded values for
the study period. In fact, the streamflow discharge values continue to increase in March 2020
(91.13 mm/month), despite the decline in DOC probe flux rates. In CP-1X, there is an increase
and decrease in DOC flux rates during the same time period (8.25 kg/month in January, 40.45
kg/month in February, 16.96 kg/month in March), however the streamflow discharge values
continue to increase despite the decrease in DOC flux rates (streamflow values increase from
10.80 mm/month in January to 45.45 mm/month in March).

As detailed in Chapter 5, and briefly described here, flow paths between the catchment and the
streamflow network became more connected in February 2020 after the end of the drought
period. Wetland systems started contributing more to the streamflow as overland and shallow
subsurface flow from this time. Furthermore, individual wetland systems differed in their
saturation levels throughout the study period with some wetlands contributing more to overland
and subsurface flow for longer periods as compared to others, with these contributions also
dependant on seasonal climatic changes. The connection of the flow paths to the stream
network as a result of the saturation levels of the wetland systems follows the general trends
seen in the DOC flux rates, with larger fluxes of DOC within the wetter seasons (spring-
summer) and lower flux rates in the dryer seasons (autumn to winter) and dryer years (i.e.,

2019) corresponding with the various connectivity of the flow paths.
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Figure 8.12: Correlations between monthly streamflow discharge, monthly rainfall, and
monthly DOC fluxes (kg/month) and average monthly DOC fluxes in CP-VI
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Figure 8.13: Correlations between monthly streamflow discharge, monthly rainfall, and
monthly DOC fluxes (kg/month) in CP-IX

8.3.3. DOC concentrations at the scale of the rainfall event

Correlations between DOC probe concentration and the rainfall events differed depending on
the timing of the event as shown in Figures 8.13, 8.14 and 8.15. On the 28" of November 2019,
rainfall fell between the times of 13:20 and 14:25 in both catchments. The height of the
streamflow discharge increased during the rainfall event, reached a maximum 2 hours after the
beginning of the event and remained at a higher level for one to two hours after the end of the
event before decreasing to pre-event levels. The DOC probe concentrations in CP-VI started
increasing at the same time than the height of the streamflow, reached a maximum value of 0.9

mg/L 4 h after the beginning of the event before decreasing slightly to an average of 0.75 mg/L
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over the next 24 hours. In CP-IX, an increase in DOC probe concentrations of 0.5 to 0.7 mg/I
beginning toward the end of the rainfall event is recorded, with the maximum level being kept
for 10 hours after the event before decreasing slightly to an average of 0.67 mg/L for the next
24 hours.

During the longer rainfall event on the 6™ of February 2020, rainfall started falling at 14:50 in
CP-VI and CP-1X and continued falling intermittently until the 10" of February 2020. During
rainfall there is a corresponding increase in both streamflow discharge and DOC probe
concentration. More intense rainfall produces higher concentrations of DOC within the stream
water, with these higher concentration values declining more rapidly as the rainfall event
continues into the 4" and 5™ day in both catchment areas. During this event, maximum DOC
probe concentrations occur about 2 hours after the peak discharge in both catchments, but this

lag seems to decrease as the peak discharge increased.

On the 4" °f February 2022, rainfall fell in both catchment areas from 05:15 to 06:30 and then
there was a larger rainfall event from 15:00. There is a corresponding increase in DOC probe
concentration toward the end of both events in both concentrations, with the larger rainfall
event occurring later in the day having a correlating larger increase in DOC probe
concentration, particularly toward the end of the event. Again, there is a lag between the peak
discharge and the maximum DOC probe concentration. Given the wetter season in which this
event took place the streamflow discharge values do not decline to pre-event levels but remain

at an elevated level after the event.
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8.4. DISCUSSION

8.4.1. Factors affecting general trends of DOC probe concentration

The high frequency data collected by the optical probes in CP-VI and CP-1X highlighted the
variable DOC export dynamics of these catchment areas over the three-year study period. The
seasonal variability of DOC concentration and flux rates showed that these were generally
lower in dryer seasons (autumn and winter) and higher in wetter seasons (spring and summer).
This seasonal variability is noted in a number of studies, with differences in DOC
concentrations following the seasonal patterns of rainfall (Jeong et al. 2012, Tunaley et al.
2016, Werner et al. 2019). The effects of seasonal patterns of temperature, turbidity, and
conductivity on the concentrations of DOC have furthermore been highlighted, with increases
in temperature leading to increases in DOC concentration, and colder temperatures as
experienced in the winter months, being more unfavourable for the net production of DOC
within the soils of the catchment areas (Clark et al. 2009, Sawicka et al. 2016, Werner et al.
2019). These studies however highlight that the effects of temperature alone on the overall
DOC flow dynamics of catchment areas is negligible with other climatic factors such as rainfall
as well as the hydrology of these areas taking precedence over this factor. Turbidity increases
correlated to increases in DOC concentration, with these occurring generally following rainfall
events. This is most likely due to rainfall generating more surface runoff, carrying more
sediment, and increasing the turbidity in the stream network. An inverse relationship was
identified between conductivity and DOC concentration. Dryer periods (both the 2019 drought
year as well as seasonally) recorded higher conductivity but lower DOC concentration values,
while wetter periods recorded lower conductivities and higher DOC concentrations. This
relationship has been attributed to the different contributions of both baseflow and overland
flow to the streamflow discharge (Monteiro et al. 2014, Tunaley et al. 2016) with these studies
showing that baseflow during drier conditions is mostly made up of more mineralised
groundwater, while during wetter periods shallower subsurface or overland flow, composed of

more diluted water, contributes more to the stream network, affecting the conductivity values.

The importance of carbon storage within soils in DOC cycling is well recognised, with carbon
losses from the soils increasing DOC concentrations within stream networks. The influence of
land management on carbon storage within soils has been highlighted by a number of studies
with the effect of land management practices on the decomposition of soil organic matter and

the resultant release of DOC being well documented (Grieve, 1990, Amiotte Suchet et al., 2007,
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Sanderman and Amundson, 2008; Yallop and Clutterbuck, 2009, Lepistd et al. 2014, Hosen et
al. 2018). In this study, CP-VI is a mesic grassland catchment, interspersed with wetland
systems that is burned biennially during spring. CP-1X was a grassland ecosystem, like CP-VI,
but is changing to a woody dominated catchment, interspersed with wetland systems, as a result
of fire exclusion. Discharge weighted mean DOC probe concentrations from these two
catchments were recorded as being very similar (0.7 mg/L in CP-VI1 and 0.8 mg/L in CP-1X),
over the study period with general trends in DOC export the same for both catchment areas.
Several studies have shown that vegetation is not a major contributor to DOC export but that
this is more controlled by climatic parameters as well as the hydrological conditions of the
catchment areas (Don and Shulze, 2008, Sanderman and Amundson, 2008, Yallop and
Clutterbuck, 2009), and given the similarities in the results obtained for these two catchment
areas, this is likely to be the case in this study. Furthermore, the effects of fire on DOC export
have been studied (Klimas et al. 2020, Wei et al. 2021), with these studies showing both a
minimal impact of fire as well as a decrease in DOC export following a fire event. Ranalli
(2004), however showed, following an extensive literature review, that the effect of fire is
dependent on the fire intensity, the climatic conditions such as wind and storm events, as well

as the topography of the catchment in which the fire occurs.

Comparisons of the average DOC flux between CP-VI and CP-1X, shows that more DOC is
exported from CP-VI (27.3 kg/month) on average than from CP-1X (19.9 kg/month).We did
not have enough data during fire events to accurately address the effects of fire on DOC export.
However, we have shown the definitive impact of climatic conditions on DOC export. The
differences between the two catchments could also be related to the greater area of wetland
systems within CP-VI as compared to CP-1X. As shown in Figure 8.2, there are more and larger
wetland systems in CP-VI as compared to CP-1X, allowing for the export of greater quantities
of SOC as DOC during rainfall events

8.4.2. Hydrologic connectivity of the catchments and DOC probe dynamics

The connectivity of flow paths and how these influence the fluxes of DOC have been
investigated in this study, with the findings showing that connected flow paths between upslope
wetland areas and the stream network increase DOC export from the catchment areas. The
hydropedological influence of the soil groups and how these interact with each other at various
timescales including seasonal flow paths as well as event flow paths affects the flow of DOC

within the stream networks.

203



Chapter 8

Several studies have identified similar findings, showing that the hydrologic conditions, and in
particular, the antecedent soil moisture conditions, to be a prime determinant in the movement
of DOC (McCarthy, 2005, Lepisto et al. 2014, Broder and Biester, 2015, Tunaley et al. 2016).
In this study, as shown by the piezometer data, the soil information, as well as the climatic data,
the flow paths of the wetland systems dried out considerably during the 2019 drought period
and this limited the DOC flux rates recorded by the optical sensors during this time. With the
onset of rains, particularly in February 2020, many of the wetland systems became saturated
once more. This allowed for the flushing of available DOC within the wetlands to the stream
networks. This period is correlated to a substantial increase in DOC flux rates in both

catchments (Figure 8.16 and Figure 8.17).
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Figure 8.17: Comparisons of average and individual depths to the water table within a)
interflow soils, b) saturated responsive soils utilising piezometer data, ¢c) monthly streamflow,
d) monthly rainfall and €) monthly DOC flux in CP-VI (adapted from Harrison et al. 2022)
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Figure 8.18: Comparisons of average and individual depths to the water table within a)
interflow soils, b) saturated responsive soils utilising piezometer data, ¢) monthly streamflow,
d) monthly rainfall and €) monthly DOC flux in CP-IX (adapted from Harrison et al. 2022)

The impact of rainfall events on the export of DOC has also been highlighted in this study.
During the small rainfall event which occurred in November 2019, only a small increase in the

quantity of DOC was exported from both catchments during the event.

A far greater export of DOC was noted in rainfall events, such as the one which occurred
between the 6th to the 10th of February 2020, which took place during the initial onset of rains
following the drought. In the initial phases of this event, maximum DOC export was recorded
approximately 6 hours after the streamflow reached its maximum. This could be linked to the
accumulated soil organic carbon being flushed by runoff in the early rainfall period, while the
streamflow discharge is attributed to surface runoff (Wang et al. 2019). However, as the rainfall
event progressed, the lag time between the maximum streamflow discharge and the maximum

DOC values decreases, so that from the third day of the rainfall event the maximum of these
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two variable occurs around the same time. This could be linked to the flow paths of the
catchments becoming more connected as rainfall progresses, allowing for the increased
transport of DOC reservoirs which have been stored, more rapidly toward the stream. Lambert
et al. (2014), identified similar trends in a study conducted on linking 3C isotopes to the flow
paths of a catchment area. With increased connectivity of flow paths, as well as the activation
of the various flow paths (i.e. baseflow, shallow subsurface flow, and overland flow) there is a

corresponding rise in DOC export from the catchment areas.

During wetter years and wetter seasons, rainfall events, such as the one on the 4th of February
2022, produced an increase in DOC export, but not at the same level as rainfall events which
occurred after dry conditions. Shanley et al. (2002) showed that when a rainfall event occurs
during dry periods there is greater infiltration into the more desiccated wetland systems and
this causes a greater displacement of ‘old’ water, which had been stored in the wetland to the
stream. This ‘older’ stored water is typically not as rich in DOC as compared to overland and
shallow subsurface flow, which move where the majority of soil organic carbon is stored.
Rainfall events which then occur once the wetlands are saturated, following a dry period, flow
more as overland flow or shallow subsurface flow and can therefore access available DOC and
export this to the stream network. Longer rainfall events, as well as events which take place in
very wet conditions, however, have a decrease in DOC concentration, with time, following the
initial increase, and this may be attributed to a dilution effect of DOC in the soil water that is

exported from the catchments (Tunaley et al. 2016).

DOC concentration variability is closely linked to distinct DOC source zones in catchments
and their hydrologic connectivity to the stream network (Werner et al. 2019). In particular, the
drying and wetting cycles of individual wetland systems as well as specific saturation zones of
these wetlands influenced both the baseflow connectivity as well as the overland flow during
wetter periods and during rainfall events. As highlighted in Chapter 5, particular wetlands
within the catchments provided more overland flow during rainfall events as compared to
others. These wetland systems include the large wetland system located in the central region
of CP-VI, as well as the wetland system located in the upper reaches of CP-IX. These wetland
systems could therefore be correlated to having a greater contribution to DOC export. Seepage
areas that do not become saturated provide little DOC export and contribute mainly to

baseflows and base DOC fluxes from the catchment areas.
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8.5. CONCLUSION

The findings of this study provide an explanation on the drivers of DOC export from the two
catchment areas. The use of the optical sensors enabled a deeper understanding of the
importance of the influence of the hydropedological connectivity of catchment areas, and in
particular the wetland systems, on DOC export. The event-scale export of DOC is a major
contributor to the overall flux of carbon from the catchment; however, this is dependent on the
antecedent connectivity of flow paths and how these affect baseflow as well as shallow

subsurface and overland flow of water through the catchment and into the stream networks.

Despite the challenges faced in obtaining consistent data throughout the study period as a result
of the Covid-19 pandemic as well as the remote location of the study site, the significance of
the data gathered by this study has been highlighted. It has allowed for an explanation in
determining the drivers of DOC export both at the seasonal scale as well as during event driven
periods. Historic long term data records as well as the continual gathering of data, particularly
by the optical sensors, are vital to ensuring that we can gain a deeper understanding of the
importance of these mountainous watersheds to the ecohydrological services of downstream
ecosystems. The knowledge we have gained on the importance of healthy functioning wetland
systems, which have natural wetting and drying cycles, and how these influence the entire
catchment area is of importance. These cycles create a balance within the ecosystem, both with
regards to hydrological flow, as well as the carbon budget. Future studies to determine the
impact of the ever-changing climatic influence, and how this will affect flow paths as well as

the DOC export are needed.
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Chapter 9

CHAPTER 9 - CONCLUSIONS

Globally there has been an increase in the rise of DOC within stream waters, affecting the food
webs of stream networks, the acid-based chemistry of soils and surface waters, as well as
carbon budgets within catchment areas (Laudon et al. 2011). Several factors have been
attributed to explaining this increase including biochemical factors, changes to land
management as well as factors associated with climate change such as climate extremes in the
form of flooding and droughts as well as the increase in the intensity of storm events (Laudon
et al. 2011, Jung et al. 2014, Lawrence and Roy, 2021). In order to understand why these
increases are occurring, it is first imperative to understand the basic dynamics associated with

the storage and export of DOC from catchment areas.

Despite the numerous research on the dynamics of DOC from watersheds, which has
particularly taken place within the northern hemisphere, little work has been conducted on the
influence of the hydrological connectivity of catchment flow paths and how these impact the
storage and export of DOC. In particular montane grassland dominated catchments, as well as
areas in South Africa, have often been overlooked within research associated with the sources
of DOC (Milliman and Syvitski, 1992, Chaplot and Ribolzi, 2014). We therefore utilised three
research catchments within the uKhahlamba-Drakensberg Mountain range of South Africa to
conduct this study in order to enhance our knowledge of these important headwater catchment

areas and how they influence downstream locations.

The main aims of this study were to determine how the hydropedological characteristics
interact with the DOC dynamics of these catchment ecosystems. The first aim of the thesis was
to gain a general understanding of the hydropedological characteristics of the catchments
through the use of a digital soil mapping exercise (Chapter 4). Both a rules-based approach as
well as a validation exercise were utilised within the ArcSIE (Soil Inference Engine) software
to create hydropedological maps of the catchments. The hydropedological soil maps, classified
the three catchment areas into four different hydropedological soil groups based on the South
African hydropedology classifications (van Tol and Le Roux, 2019). These included the
shallow recharge soils, deep recharge soils, interflow soils, and saturated responsive soils. It
was identified however through the use of the Kappa coefficient (CP-I11 is 0.57, for CP-VI is
0.59, and for CP-IX is 0.74) that there are some discrepancies between the hydropedological
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soil maps created and the site-specific soils identified within the catchment areas but that the
maps provide a general understanding of the flow paths and storage areas of these watersheds.
Of importance is that the accuracies and inaccuracies within the maps can be quantified,
allowing for a confidence rating in the use of these maps. These maps can therefore be used in
further applications in water and land management for the area, highlighting the importance of
digital soil mapping in remote areas. The use of digital soil mapping could allow for more
integration of soil knowledge into land management policies (Mora-Vallejo et al., 2008, van
Zijl, 2019).

Utilising the hydropedological soil maps coupled with catchment specific climate and
streamflow data, water table depth measurements as well as an understanding of how historic
and current land management practices have influenced the soil properties, this study was able
to gain a more accurate interpretation of the response of each hydropedological soil group
following a rainfall event (Chapter 5). A number of factors which are interrelated play a key
role in determining the flow paths and the connection between flow paths in these areas. These
factors are dominated by antecedent soil moisture, rainfall intensity, the duration of dry and
wet periods as well as the depth of soil profiles. Furthermore, the dominant role of wetland
systems and how these have drying, and wetting cycles are the key focus in understanding the
connectivity between the hydropedological flow paths (Tetzlaff et al. 2014, Furlan et al. 2020),
and the contribution of soil water to the stream networks of the three catchments.

The study was then expanded to gain a deeper understanding of the hydropedological flow
paths of the catchments and their influence on the streamflow dynamics through the use of a
SWAT modelling approach (Chapter 6). Specific lateral time inputs, for each hydropedological
soil group were utilised. These lateral time inputs were calculated from the formation of a
hydrograph for CP-VI showing the time it takes for water to flow through the catchment and
contribute to streamflow (Kunene et al. (2011). This study identified that the input of site-
specific lateral time inputs showed a definitive improvement in modelling accuracy. Numerous
research studies have highlighted the importance of detailed soil information on improving
SWAT model accuracy (Adem et al. 2020; Chen et al. 2016, Krepec et al. 2020). Soil
information should therefore be coupled with ecological information such as the effects of fire,
vegetation as well as rates of evapotranspiration on hydrological modelling accuracy. These

aspects have been shown to all be interrelated.

215



Chapter 9

Through these studies we gained a deeper understanding of the hydropedological
characteristics and how these have an impact on the flow dynamics of the catchments. This
knowledge was then transferred to studying the effect of different environmental factors on the
dynamics of DOC. The principle environmental factors that influence DOC concentrations in
two of the selected catchments (CP-VI and CP-I1X) were investigated in Chapter 7. These
environmental factors included land cover, soils, topography and aspect, and land management
regimes. It was identified that DOC production is sensitive to climatic drivers including
seasonal rainfall and temperature, but that the presence of wetland systems is the major driver
in DOC concentrations. Similar findings have been recorded by Huntington and Aiken (2013)
as well as Lee et al. (2019), with the connectivity of the wetlands to the streams within both

catchments playing a role in the attenuation and export of DOC within these watersheds.

DOC concentration variability is closely linked to distinct DOC source zones in catchments
and their hydrologic connectivity to the stream network (Werner et al. 2019). The use of high
frequency optical sensors placed in the weirs of CP-VI and CP-1X enabled a deeper
understanding of the importance of the influence of the hydropedological connectivity of
catchment areas, and in particular the wetland systems, on DOC export (Chapter 8). The DOC
export is dependent on the antecedent connectivity of flow paths and how these affect baseflow
as well as shallow subsurface and overland flow of water through the catchment and into the
stream networks. SOC is largely attenuated within the upper reaches of the soil profile, so when
dry conditions prevail, baseflow from the lower reaches of the soil profile does not contribute
significantly to DOC export. However, during wetter conditions, wetland systems become
saturated, and this reconnects hydrologic flow paths within the catchment. When this occurs,
water moves more freely as overland flow or shallow subsurface flow, carrying with it larger
quantities of stored SOC in the form of DOC. Storm events furthermore move large quantities
of DOC, however this is dependent on the antecedent soil moisture conditions before the event

and the connection of soil water flow paths.

Given the importance of these mountainous watersheds to the ecohydrological services of
downstream ecosystems, long term data gathered within the catchments on the hydrologic
pathways and DOC concentrations has the potential to allow for future studies to determine the
impact of the ever-changing climatic influence on the dynamics within these catchment areas.
These climatic changes will affect flow paths as well as the DOC export, and this has

implications on downstream ecosystems. Further studies on DOC within these catchments
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should include incorporating stable isotopes to determine the origin of the DOC, the effect of
microbial activity, as well as the effect of the fire management regimes. This will aid in

understanding the contribution of DOC to the overall carbon budget of these catchment areas.

This thesis provides valuable insight into the interactions of DOC and hydropedology in these
Afromontane areas. It identifies a variety of factors that influence DOC storage and export on
a catchment scale. The results highlight the importance of understanding the hydropedological
characteristics of a watershed for both improving our knowledge on the streamflow aspects as
well as understanding the DOC dynamics and how these affect the overall carbon budget of a

system.
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