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ABSTRACT 

Characterization of flowpaths to improve the prediction of vegetation impacts 

on hydrological processes in semi-arid mountainous catchments of the Cape 

Fold Belt 

Faith Jumbi 

Ph.D. Thesis, Earth Science Department, University of the Western Cape 

Mountainous areas are important water sources in many landscapes. An understanding of 

how mountainous catchments function is important particularly in semi-arid areas, where 

water shortages are prevalent. In addition to climate and physiographic factors, the 

hydrological responses of mountainous catchments can be influenced by land uses and land 

cover types. Although the general effects of land use and land cover types on hydrological 

processes are known, prediction of the specific effects in a given catchment is still 

problematic. This study characterized flowpaths, and hydrological responses to different land 

cover types in a semi-arid, mountainous Kromme River catchment (Eastern Cape province of 

South Africa), located in the Cape Fold Mountains of the Table Mountain Group (TMG) 

geological region. This was done to improve the simulation of vegetation impacts on 

processes through a customized data-informed model structure. Hydrological processes and 

flowpaths were characterized using streamflow data, deep and shallow groundwater levels, 

environmental isotopes, and hydrochemistry data. The data collected was then used to 

inform a distributed structure in the MIKE SHE modelling platform for simulation of 

processes. Selected scenarios of possible changes in areas invaded by wattle trees (Acacia 

mearnsii) in different locations in the catchment were modeled with 10 years of climate data. 

Key results from the study are summarized below. 

 

Kromme has both steep areas (mountainous terrain) and flat floodplain areas with significant 

alluvial deposits, therefore processes varied due to the diversity of topographic 

characteristics, geomorphological factors and precipitation inputs. Surface and subsurface 

flows from perennial tributaries, originating in the mountains, were significant in recharging 

the central valley floodplain alluvial aquifer and maintaining streamflow in the main channel 

even during dry periods. Furthermore, the floodplain alluvial aquifers made significant 

contributions to catchment storage and outflows as shown by hydrometric data. Tracer 

patterns confirmed this by indicating continuous groundwater contribution to surface flows. 

Chemical separations from snapshot samples showed that the alluvial aquifer contributes 

high proportions of flow to the river (contributions up to 96% during dry periods). Low 

average annual runoff coefficients (0.09) implied large ET withdrawals from dominant 

flowpaths and/or storage in inactive groundwater as the catchment was monitored in a 
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relatively dry period. Isotope tracer samples showed that water in the main channel became 

increasingly enriched moving downstream likely due to evaporation, but showed depletion in 

areas where mountain tributaries discharge into the main river. Water from tributaries was 

depleted due to contributions from the fractured TMG bedrock aquifer. This indicated the 

importance of surface and subsurface contributions from the mountains that recharge the 

alluvial aquifer and contribute to river flows.  

 

Soil water content varied significantly under the three monitored land cover types in the 

floodplain namely black wattle (Acacia mearnsii), palmiet (Prionium serratum), and grass 

(Pennisetum clandestinum spp). In general, rainfall of 30 mm/day was required for 

significant changes in soil water content (SWC) to be observed across all sites. High SWC was 

observed at the palmiet site than at the wattle and grass sites. The least SWC was observed at 

the wattle site due to high transpiration rates associated with black wattle trees. Shallow 

groundwater levels were within 2 m of the ground surface for prolonged periods in areas with 

palmiet and grass and below 3 m in areas under black wattle trees. The water table at the 

wattle site remained below piezometer depths (3 m), only responding after high intensity 

events (> 40 mm/day).  

 

Simulated results of land cover scenarios for the period 2008-2018 showed a reduction in 

streamflow and the drawdown of the alluvial aquifer due to increased transpiration rates by 

woody alien trees. Results indicated that clearing of floodplain black wattle and allowing the 

regeneration of palmiet could increase groundwater levels by 13%, baseflow by 9% and total 

outflow by 5%. Simulation results also indicated that ET and streamflow responses to a 

specific land cover type was not uniformly proportional to the unit area occupied by the land 

cover but depended greatly on the specific location of the land cover type within the 

catchment. Alien invading woody species were shown to have increased transpiration and 

reduced runoff per unit area of cover in riparian areas (0.35 and 0.36 Mm3/year respectively) 

compared to drier upland areas (0.09 and 0.07 Mm3/year respectively).  
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GLOSSARY OF TERMS 

Alluvial aquifer  A body of sediment deposited in floodplains and river channels 

    that hold groundwater 

Bedrock aquifer  A body of hard or porous rock that holds groundwater usually 

    confined between layers. Water moves through fractures and 

    cracks or the porous rock. 

Cape Fold Belt  A belt of mountains formed from the folded and faulted  

    sedimentary rocks by tectonic convergence at plate margins in 
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Dominant flowpath The largest contributor to mean annual runoff leaving the  

    catchment 

Flood peak   The crest or the highest value of an inflow at any point in the 
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Floodplain   A flat land adjacent to a river stretching from the banks of a 

    channel to an enclosing valley wall, this area tends to be  

    inundated during high flows 

Interflow   Water moving laterally in the vadose zone 

Land use   The management of the earth surface, human inputs and  

    utilisation.  

Land cover   The biophysical state of the surface and upper subsurface. 
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CHAPTER 1: INTRODUCTION  

1.1 Background  

Mountainous areas are major sources of freshwater globally. Mountains supply freshwater by 

generating substantial streamflow and these areas are especially important in semi-arid and 

arid regions that are highly susceptible to water shortages and increasing conflicts over water 

use and allocation (Viviroli et al., 2011, 2007; Viviroli and Weingartner, 2004). In humid 

areas, mountainous areas are known to contribute 20-50% of regional river flows, whilst in 

semi-arid and arid regions they contribute 50-90% (Viviroli et al., 2011). Physiographic 

features of mountainous areas, such as high elevations and deeply incised narrow valleys, 

influence complex meteorological patterns (von Freyberg, 2015). High altitudes in 

mountainous catchments result in low temperatures and therefore low evapotranspiration 

rates (Wilson and Guan, 2013, 2004). Due to orographic effects, mountains generally receive 

more precipitation compared to surrounding lowlands (Burke, 2009; Wilson and Guan, 2013, 

2004). As precipitation rates and intensities are high in the mountains, a larger proportion 

becomes runoff (McDonnell and Kendall, 1992; Wenninger et al., 2008).  

 

Runoff formation in mountainous catchments is, however, a complex phenomenon that 

needs an understanding of how rainfall is partitioned into surface and sub-surface flows at 

different spatial and temporal scales (Becker, 2005). Knowledge of flowpaths can give an idea 

of the catchment’s residence time (Grande et al., 2020; Zhou et al., 2021), runoff source areas 

(Wenninger et al., 2008) and connectivity between hillslopes and floodplain plains (Ochoa et 

al., 2013; Okin et al., 2015). A diversity of flowpaths may be dominant at different spatial and 

temporal scales as the underlying geology and the complex topographic properties give rise to 

different response characteristics in various topographic landscape units such as plateaus, 

cliffs, and hillslopes (Savenije, 2010). In the past, runoff generation mechanisms and the 

associated flowpaths have mainly been investigated in headwater catchments in humid 

environments (Becker, 2005; James and Roulet, 2009; Penna et al., 2011; Zhao et al., 2019). 

Our understanding of these processes in semi-arid catchments at the meso-scale is still 

inadequate, particularly in mountainous areas. Studies of runoff generation processes, 

streamflow characteristics, and water sources in semi-arid mountainous catchments have 

been limited due to topographic complexities, inaccessibility and climatic factors. Given the 

heterogeneous and episodic rainfall, and surface flows, long datasets and/or multiple data 

types (groundwater levels, soil moisture etc.) are needed to gain insights about processes in 

semi-arid catchments. In general, several studies in semi-arid catchments have found that 

groundwater or subsurface flow contributions (60-90%) can dominate long-term average 
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runoff (Hrachowitz et al., 2011; Saraiva Okello et al., 2018; Wenninger et al., 2008). However, 

there is significant variability in the proportion of subsurface flows across catchments. 

 

The Kromme catchment which lies in the Eastern Cape Province in South Africa was selected 

as a case study site to gain insights into the hydrological functioning of a mountainous 

catchment in a semi-arid setting. The Kromme catchment is regionally important for water 

supply as it supplies water to the Nelson Mandela Metropolitan (NMM) which has been 

experiencing severe water shortages since 2010. The Kromme forms part of the Cape Fold 

Belt which is a series of mountains in the western and eastern parts of South Africa formed 

from the folding and faulting of sedimentary rocks by tectonic convergence at plate margins 

(Colvin et al., 2009; Xu et al., 2009). The Table Mountain Group (TMG) is one of the 

dominant formations within the Cape Supergroup. Groundwater occurs due to the 

dominance of faults and fractures in the TMG which influence dynamic processes of aquifer 

storage, recharge and discharge in catchments (Roets et al., 2008; Xu et al., 2009). Previous 

studies in some parts of the TMG have shown that groundwater is discharged through valley 

bottom wetlands, seeps, springs, and as baseflow in river channels indirectly via alluvial 

aquifers or where the river intersects the bedrock (Colvin et al., 2003; Roets et al., 2008). 

Other TMG studies have shown that significant portions of river flows are from interflow 

from the soil/rock interface or the highly fractured bedrock (Lin et al., 2007; Xu et al., 2009). 

Interflow also contributes significant portions of water to wetlands in valley bottoms and 

recharge to alluvial aquifers (Roets et al., 2008; Smith and Tanner, 2019; Xu et al., 2009).  

 

The hydrological responses of mountainous catchments are also influenced by land use and 

land cover types dominant in a catchment and/or changes thereof (Viviroli and Weingartner, 

2004). Land use and land cover changes are common across the globe, for example, 

encroachment of the riparian zones by alien woody species has become a problem in many 

countries e.g. willows (Salix spp) in Australia, salt cedar (Tamarix spp) in America and the 

black wattle (Acacia mearnsii) in South Africa (Doody et al., 2011; Huxman et al., 2005; Le 

Maitre et al., 2015). In the Kromme catchment, the Australian black wattle predominantly 

invaded riparian areas where soil water is readily available (Rebelo et al., 2015) and competes 

aggressively with the native vegetation such as fynbos, palmiet, and grass (Chamier et al., 

2012; Rebelo et al., 2015). This has resulted in the loss of indigenous palmiet (Prionium 

serratum) wetlands. Previous work has shown considerably higher water use by Acacia 

species invasions compared to the indigenous fynbos and grass they often replace. These 

plants cause lowering of water tables and reducing groundwater discharge to rivers as well as 

altering subsurface flow connectivity between hillslopes and streams (Dye and Jarmain, 

2004; Galatowitsch and Richardson, 2005; Görgens and Van Wilgen, 2004; Le Maitre et al., 
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2015, 2000; Rebelo et al., 2015). Clearing of alien woody species often results in increases in 

groundwater recharge and river flows (Albhaisi et al., 2013; Moyo et al., 2009; Scanlon et al., 

2005). Most of the previous work has examined changes in river flows after clearing without 

including the impacts on soil water content and groundwater (Görgens and Van Wilgen, 

2004; Le Maitre et al., 2015). Furthermore, there is a gap in the scientific understanding of 

effects of the mosaic of land use and land cover changes on hydrological responses at medium 

to large spatial scales at which most water resources management decisions are made (Le 

Maitre et al., 2015; Nolin, 2012; Sanyal et al., 2014). The extrapolation of results from studies 

in small mountainous catchments to large catchments with combinations of significant 

upstream headwater, hillslopes and valley bottoms is likely to be problematic.  

 

Numerous methods have been adopted to characterize processes, each of which gives specific 

insights into water storage, sources, interactions, and the spatio-temporal variations in 

hydrological processes under various climatic conditions and at different spatial scales. In 

addition to classical hydrometric techniques, isotope tracers have been useful in providing 

new insights into the hydrological functioning of catchments. Tracers complement other 

hydrological methods to characterize sources, flowpaths, and water residence times 

(Wenninger et al., 2008). Furthermore, the spatiotemporal variability of tracer patterns can 

be used meaningfully to quantify runoff components (Camacho Suarez et al., 2015; 

Hugenschmidt et al., 2014; Wenninger et al., 2008) and parameterize hydrological models 

(Saraiva Okello et al., 2018). In addition to isotopes, geochemical tracers such as electrical 

conductivity (EC) have also been used to improve hydrological process understanding (Penna 

et al., 2014).  

 

To gain further insights into the hydrological functioning of mountainous areas and 

responses to selected scenarios of land use and land cover types particularly at large spatial 

scales, hydrological modelling presents a useful tool in this context. However, hydrological 

modelling is challenging particularly in mountainous catchments due to the pronounced 

temporal and spatial heterogeneity and in most cases, the lack of both hydrological and 

meteorological data to force and validate models (Hood and Hayashi, 2015). Most 

observation networks are inadequate to capture the heterogeneity (Morán-Tejeda et al., 

2015). At the same time, as computing power increases, models are becoming more 

sophisticated with codes and routines being added to represent processes at finer scales (Orth 

et al., 2015). Such developments have given rise to debates regarding whether increased 

sophistication in a model necessarily results in improved performance or if the solution lies in 

the choice of structure used and how it represents internal processes (Gharari et al., 2014; 

McMillan et al., 2011; Orth et al., 2015; Savenije, 2009).  
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The problems associated with finding the most appropriate model structure for particular 

processes are due to the lack of understanding of the differences between the models and how 

they represent processes, resulting in the indiscriminate use of models with predefined 

structures (Clark et al., 2008). To avoid this, available data can be used for a systematic 

analysis to get indications of patterns and thresholds for the occurrence of certain processes. 

These patterns and thresholds can then be used in the development of the model structure 

(McMillan et al., 2011). For example, an analysis of baseflow recession can be used to assess 

the influence of storage on the catchment outflow and in turn inform the decision on the type 

and number of reservoirs to use in the model. Furthermore, the temporal variation of 

baseflow recession can be a good indicator of evapotranspiration (ET) effects on storage 

(Clark et al., 2011; McMillan et al., 2011). Additionally, isotope and geochemical tracers can 

be used to quantify runoff components from different sources (Camacho Suarez et al., 2015). 

Such knowledge can be used to improve how internal processes are represented in model 

structures as well as the validation of simulated results. Most studies of this nature have 

focused on first order headwater catchments, wet environments, with relatively little research 

on meso-scale catchments in arid semi-arid mountainous environments.  

 

1.2 Research Aim 

The overall aim of this study is to improve the understanding of streamflow generation, 

flowpaths, and vegetation impacts on hydrological responses in semi-arid, meso-scale, 

mountainous catchments.  

 

1.3 Study Objectives  

The study specifically seeks to: 

 Determine streamflow characteristics and dominant flowpaths linking landscape 

units in a semi-arid mountainous catchment of the Cape Fold Belt. 

 Assess the temporal variation in patterns of soil water content and water table 

responses to rainfall under three vegetation types: indigenous palmiet (Prionium 

serratum), invasive black wattle trees (Acacia mearnsii), and grassland (Pennisetum 

clandestinum spp).  

 Improve hydrological process understanding from the spatio-temporal variability of 

water chemistry and tracer patterns in a semi-arid mountainous catchment.  

 Assess the potential impacts of selected likely scenarios of future land cover change on 

the hydrological response of a semi-arid meso-scale, mountainous catchment.  
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1.4 Thesis Layout 

This thesis comprises 8 chapters with Chapter 1, 2, 3 and 8 presenting the introduction, 

literature review, description of the study area and conclusions respectively. Chapters 4 to 7 

each cover one of the research objectives. These chapters have been written following the 

format for scientific journal papers with the ultimate intention that each of these chapters will 

be submitted for publication with minor modifications. Thus each chapter has sections 

expected in a journal paper such as abstract, introduction, methods, results and discussion. 

Because of the format used, there is some slight repetition of the description of study area in 

chapters 4 to 7. 

 

Chapter 1 gives a general introduction of the thesis highlighting the background, 

justification and significance of the study.  

Chapter 2 presents a review of the literature which elaborates on the research gaps and 

explores some of the methods used to investigate the research gaps. 

Chapter 3 describes the study area and research design.  

Chapter 4 characterizes dominant flowpaths and describes the spatial and temporal 

variability of streamflow characteristics in the Kromme catchment.  

Chapter 5 presents the spatio-temporal patterns of floodplain soil water content and water 

table responses to rainfall under different vegetation types.  

Chapter 6 focuses on improving hydrological process understanding from the 

spatio-temporal variability of water chemistry and tracer patterns from different sources in 

the catchment.  

Chapter 7 presents the structuring of a distributed hydrological model using decisions made 

from field data and simulation of impacts of selected vegetation types on hydrological 

processes. 

Chapter 8 gives a synthesis of the main research findings, over-arching conclusions, and 

recommendations for further work. 
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CHAPTER 2:  LITERATURE REVIEW  

2.1 Introduction  

This chapter presents a review of topics related to characterization and simulation of 

hydrological processes in semi-arid, meso-scale mountainous catchments. Understanding 

hydrological processes in catchments enables improved conceptualization of processes. The 

conceptualized processes can then be translated into predictive models for streamflow 

estimation under different scenarios of land use and land cover types as well as climatic 

conditions. In turn, this will inform appropriate water resource management strategies for 

sustainable ecosystems and future water security, particularly in semi-arid mountainous 

catchments. Separate research components that describe flowpaths and connectivity between 

different topographic landscape units, streamflow characteristics, and land use and land cover 

impacts are addressed in the following sections. Furthermore, an overview of methods for 

characterization of processes to gain insights into the hydrological functioning of catchments 

such as the classic hydrometric methods, isotope tracers, and hydrological modelling is also 

given. 

 

2.2 Hydrological process understanding in mountainous catchments 

A mountain is defined as a portion of the earth’s crust which is elevated and rising abruptly by at 

least 300 m from its surrounding area, comprising steep slopes and characterised by distinct 

variations in local climate from the valley bottom to its summit (Barry and Price, 1981). 

Mountainous catchments are major sources of water supply across the world (Viviroli et al., 

2011). They are biodiversity centres utilized by more than one billion people around the world for 

ecosystem goods and services (Viviroli and Weingartner, 2004). Some of the critically important 

mountain regions for water supply are the Eastern Arc Mountains (Iddi, 1998), Andes and the 

Rocky Mountains (Kohler and Maselli, 2009) Drakensburg and Cape Fold escarpments in South 

Africa (Colvin et al., 2009; Taylor et al., 2016; Xu et al., 2009). In South Africa, the Cape Fold 

Belt is one of the most important sources of fresh water in the Western and Eastern parts of the 

country. 

 

2.2.1 The Cape Fold Belt and Table Mountain Group  

The Cape Fold belt in South Africa comprises a series of mountain ranges (peaks reaching up to 

2250 m.a.s.l) formed from the folded and faulted sedimentary rocks due to tectonic convergence 

at plate margins (Colvin et al., 2009; Xu et al., 2009). The Cape Fold Belt region is made up of a 

few geologic formations collectively known as the Cape Supergroup; the Table Mountain Group 
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(TMG) is one formation within the Cape Supergroup. The TMG is the dominant remaining 

geology of the mountains whereas the other overlying groups have largely eroded away on high 

terrain and are mostly found in the valleys. The dominance of faults and fractures in the TMG 

influences aquifer storage, recharge and discharge in catchments within the TMG aquifer zone 

(Roets et al., 2008; Xu et al., 2009). Groundwater from the high yielding TMG fractured 

sandstones is crucial for water supply in the arid and semi-arid areas of the Cape region (Xu et 

al., 2009). Previous studies in TMG regions have shown that groundwater is generally 

discharged through valley bottom wetlands, seeps, springs, and as baseflow in river channels 

indirectly via alluvial aquifers or where rivers intersect the bedrock (Colvin et al., 2009; Midgley 

and Scott, 1994; Roets et al., 2008). Fractured rock aquifer systems are complex to 

conceptualize. Flow direction has been shown to be dynamic and controlled by the geological 

structure and nature of the fractures and faults (Xu et al., 2009, 2002). Due to differences in 

uplifted fault blocks and the hardness of other TMG layers, the main valley also varies in width. 

Some areas have wide widths (>1km wide) whilst other sections are narrow (100-500m). 

Previous research in the TMG indicated that interflow from the highly fractured bedrock and 

soil-bedrock interface contributes significantly (>50%) to streamflow and wetland hydrographs 

(Midgley and Scott, 1994; Roets et al., 2008; Xu et al., 2002). However, determining the nature 

of flowpaths in these catchments is difficult due to the non-uniformity of fractures (Xu et al., 

2009) but understanding these flowpaths, sources and runoff generation is crucial for strategic 

management of water resources in mountainous catchments. 

 

2.2.2 Hydrological process understanding in semi-arid mountainous catchments. 

Mountainous catchments generally receive more precipitation than surrounding lowlands, 

making them important freshwater sources particularly in arid and semi-arid areas where water 

availability is limited (Burke, 2009). A combination of features result in the relatively high 

rainfall and runoff production in mountains compared to lower terrain. Physiographic features 

of mountainous areas, such as high elevations and deeply incised narrow valleys, influence 

complex meteorological patterns (Viviroli et al., 2003; von Freyberg, 2015). Rainfall patterns are 

characterized by high-intensity storm events. As precipitation intensities are higher in the 

mountains, a larger proportion becomes runoff received by the rivers, thereby sustaining 

ecosystems, agriculture as well as surrounding industries in lowlands (Burke, 2009). Depending 

on catchment size, different processes and flowpaths may be dominant at different scales and 

times in these catchments. In a multi-scale study, McGlynn et al. (2004) found that riparian 

areas were consistent streamflow sources in small headwater catchments, whilst in larger 
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catchments, contribution to streamflow from the valley bottom areas was only after high rainfall 

events. Surface and shallow subsurface runoff has been generally observed as first order 

determinants of streamflow generation patterns for micro-scale headwater catchments (<1km2); 

whilst in meso-scale catchments (>10km2), rainfall spatial distribution is a major controlling 

factor (Uhlenbrook et al., 2004). Meso-scale mountainous catchments can comprise both steep 

headwater areas and sometimes sizeable floodplains, including a range of topographic and 

geologic features with different response characteristics. As such, as catchment scales increase, 

there is a possibility of an increasing proportion of groundwater from the bedrock to total 

catchment outflows (Orlova and Branfireun, 2014). In these mountainous catchments, the 

bedrock is either porous and/or highly fractured, the soils are usually thin and fast draining. 

There is therefore increased percolation into bedrock aquifers and contributions from the 

bedrock aquifers recharge the alluvial aquifer and contribute to catchment outflows, with 

estimated values of 10-70% of recharge or outflow (Katsuyama et al., 2010; Stoelzle et al., 2020; 

Welch and Allen, 2012).  

 

In humid regions, mountains supply 20-50% of the total discharge whilst in arid and semi-arid 

areas, they supply 50-95% (Viviroli and Weingartner, 2004). Understanding hydrological 

processes in mountainous areas particularly in semi-arid regions is challenging. This is because 

arid and semi-arid regions are prone to droughts and floods sometimes as a consequence of 

global change drivers such as climate and land-use and land cover changes (Misra, 2014). 

Therefore, resource management in most semi-arid mountainous catchments in Southern Africa 

suffers from a general lack of process knowledge (Hughes, 2007). The structurally complex 

geology and rugged terrain in mountainous catchments limits access to establish monitoring 

networks thereby limiting the availability of data needed to improve and validate models and 

improve our process understanding (Somers and McKenzie, 2020). 

 

There are limited studies on runoff generation processes, streamflow characteristics, and water 

sources in semi-arid catchments, due to topographic complexities and climatic factors. 

Nevertheless, studies that exist show that more than 60% of long-term average runoff comes 

from groundwater or subsurface flowpaths contributing large portions of outflow in 

mountainous catchments. For example Yeh et al. (2014) showed mountain aquifers contributed 

up to 83% of streamflow whilst direct rainfall accounted for 17% in a semi-arid catchment. Zhou 

et al. (2015) found that baseflow accounted for up to 67% of runoff in the meso-scale Shule 

catchment in the Qilian Mountains (northern China). Wenninger et al. (2008) suggested that 
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almost 90 % of contributions to river flows were from groundwater during the dry season in a 

semi-arid catchment in South Africa (Weatherly). In another study in the semi-arid Kaap 

catchment in South Africa, groundwater contributed between 64-98% to the total runoff in the 

catchment depending on the season (Camacho Suarez et al., 2015). In other studies i.e. 

semi-arid Makanya catchment in Tanzania, results showed that surface and shallow subsurface 

runoff dominated after storms (Mul et al., 2009, 2008). Some studies have shown that runoff 

generation is mainly a result of "new water" displacing "old water" that has been stored in the 

catchment even in storm events (Ala-aho et al., 2018; Midgley and Scott, 1994). In the 

Jonkershoek catchment, South Africa, peak flows were found to be mostly old water getting 

pushed into the stream (i.e. new water from the rain enters soil and rock fractures further up 

and pushes out the older water to the river) despite Jonkershoek being quite a steep, 

mountainous catchment (Midgley and Scott, 1994). Other studies have indicated that 

streamflow is dominated by delayed interflow during dry periods while during wet months, 

direct runoff was the major contributor to streamflow (Bosch et al., 2017; Jovanovic and Clercq, 

2012). In addition to physiographic factors and climate, streamflow in a catchments is also 

influenced by land use and land cover types and changes thereof (Morán-Tejeda et al., 2015). 

 

2.3 Vegetation impacts on hydrological processes and responses  

Schulze (2000) defines land use as the management of the earth's surface, human inputs, and 

utilization, whilst land cover is the biophysical state of the surface and upper subsurface. 

Hydrological processes are sensitive to, and influenced by, land use and land cover types and 

changes thereof (Warburton, 2012). Rainfall received in a catchment is partitioned into various 

fluxes and pathways via processes such as infiltration, evapotranspiration (ET), and runoff 

influenced by land use and land cover types amongst other factors. The extent to which land 

cover types influence hydrological responses depends not only on the spatial area covered, but 

also the location of the land cover type within the catchment (Le Maitre et al., 2015). General 

impacts are determined by size, woodiness, leafy-ness, root depth and stand density, which 

affect canopy interception, soil properties and infiltration, total water use and the seasonal 

pattern of use from groundwater and soil. The density of vegetation and composition as well as 

the different structural groups of plants present (herbaceous, shrubs, trees, etc.) has been found 

to influence catchment-scale hydrological process and hence ecosystem functions, such as the 

dynamics of droughts, generation of floods, and groundwater recharge (Nijzink et al., 2016).  
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Changes in land cover types, such as woody plant clearing or woody plant invasion in areas 

previously dominated by grass and other herbaceous species, can have impacts on both 

floodplain subsurface hydraulic processes and soil moisture dynamics (Wang et al., 2012; Zhang 

et al., 2020). The monitoring of soil moisture dynamics provides insights into patterns of 

infiltration, storage, and percolation as well as vegetation water uptake in the active root zone. 

Soils can play a fundamental role to improve the understanding of interactions between 

groundwater and surface water as they store water, control residence times as well as the 

partitioning of hydrological flowpaths in a landscape (Kellner and Hubbart, 2016; le roux et al., 

2015). Monitoring changes in soil moisture, as well as the water table, gives insights into 

larger-scale processes of ET (evapotranspiration), storage, and recharge (Legates et al., 2011; 

Wang et al., 2012). For example, McMillan et al. (2011) inferred the rate of drainage and water 

retention processes as well as ET from monitoring and analysing soil wetting and drying after 

rainfall events. Understanding soil moisture dynamics give insights into the hydrological 

response of a landscape to impacts of different land cover types (Burke, 2009).  

 

Invasive alien woody species are a common cause of land cover change in South Africa and 

particularly known to have high water use compared to indigenous vegetation (Calder and Dye, 

2001; Le Maitre et al., 2015). Black wattle (Acacia mearnsii) is one type of alien woody plant in 

South Africa used for timber and other commercial purposes, which has rapidly spread beyond 

planted areas (Moyo et al., 2009). Black wattle invades riparian areas in most cases, where soil 

moisture is readily available (Dye and Jarmain, 2004) and competes with the native vegetation 

such as fynbos, palmiet, and grass communities. Black wattle alters the catchment's hydrological 

regime and ecosystem function by increased rates of evapotranspiration, lowering of water 

tables, and reduction in streamflow and recharge rates (Dye and Jarmain, 2004; Galatowitsch 

and Richardson, 2005; Görgens and Van Wilgen, 2004; Le Maitre et al., 1999). In some cases, 

after clearing the woody alien species, groundwater recharge and river flows increased (Albhaisi 

et al., 2013; Moyo et al., 2009).  

 

Several studies in South Africa have investigated the impacts of woody alien plants on 

hydrological processes in invaded catchments (Le Maitre et al., 2015, 2000; Morris et al., 2011; 

Moyo et al., 2009). Reductions in river flows following alien woody species invasions in the 

Western Cape and KwaZulu Natal provinces were quantified and showed reductions ranging 

from 55% to 82% respectively (Chamier et al., 2012). In areas such as Mpumalanga and parts of 

the Eastern Cape, some rivers dried up following establishment of plantations or invasions 
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(Chamier et al., 2012). Clearing of invasive trees saves water but actual volumes depend on the 

species water use, location in the landscape, and the water use characteristics of vegetation 

established after clearing (Doody et al., 2011). For example in two semi-arid areas in the USA 

and Australia, studies showed that high ET rates due to alien invasive trees (salt cedars and 

willows respectively) in riparian areas negatively affected groundwater and river flows. 

Nevertheless, the same study also showed that some indigenous vegetation had similar ET rates 

as the invaders (Doody et al., 2011). Efforts are being made worldwide to restore degraded river 

systems (Kurth et al., 2015; Kurth and Schirmer, 2014; Muhar et al., 2016). In South Africa, the 

Working for Water Programme was established to control the impacts of invasive alien plants on 

ecosystems and water resources in particular (McConnachie et al., 2012). However, further 

research is still needed to support informed decision making for such programmes. 

 

The majority of studies on impacts of land use and land cover change on hydrological processes 

have only considered reductions in river flows, but have not explicitly shown the impacts on 

shallow and deep groundwater levels (Görgens and Van Wilgen, 2004; Gyamfi et al., 2016; Le 

Maitre et al., 2015). In some arid and semi-arid settings, studies have shown that additional 

water supply can be found from groundwater contributions in riparian and floodplain areas after 

clearing invasive species (Dye and Jarmain, 2004; Salemi et al., 2012). Plants of the same species 

use more water in riparian areas where it is readily available than in uplands and dry areas (Le 

Maitre et al., 2015). Therefore, the impacts of land use and land cover changes on groundwater 

levels especially in floodplain and riparian zones where invasions have greater impacts need to 

be considered. 

 

The impact of changes in land cover types on hydrological processes can be monitored and 

assessed with relative ease at small scales, compared to large catchment scales where the 

distinction of impacts from individual changes becomes difficult. Studies in land cover change 

scenarios often utilize models to assess the projected likely hydrological response of catchments 

(Aduah et al., 2017; Gyamfi et al., 2016). This can be achieved by simulating scenarios of land 

use and land cover change using hydrological models with structures that are sensitive to cover 

changes and which can conceptualize and adequately represent hydrological processes (Devia et 

al., 2015). This is however, challenging as both hydrological and meteorological data to drive the 

models are limited particularly in mountainous areas (Viviroli et al., 2011), whilst the 

heterogeneity and complexity of processes in these areas require high-resolution models that are 

data demanding. The majority of such modelling studies have shown that different changes in 
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land use and land cover contributed to various effects in the annual water yield and ET in the 

respective catchments i.e. the White Volta Basin in West Africa (Awotwi et al., 2015), Kromme 

catchment, South Africa (Cornelius et al., 2019; Rebelo, 2012) and Mngeni, Luvuvu and Upper 

Breede catchments, South Africa (Warburton, 2012). The location of a land cover change in a 

catchment is crucial when evaluating impacts of land cover change on runoff and groundwater 

per unit area of change i.e. riparian vs. dryland. Le Maitre et al. (2015) showed that woody alien 

invasive plants have greater impacts in riparian settings where water is not limited and the 

water tables is shallow compared to upland invasions. In their study, invasive trees of the same 

species used 1.5–2.0 times more water in riparian areas than in upland (drier) areas. Warburton 

(2012) also concluded that streamflow contributions in response to a specific land cover type 

were not equally proportional to the unit area occupied but was dependant on the location of the 

land cover within the catchment.  

 

Similar to any other landscape, mountainous catchments are sensitive to land use, land cover 

and changes thereof (Morán-Tejeda et al., 2015). Mountainous catchments can include small 

floodplain areas and although they are not extensive spatially, land cover change in them can be 

important. Some of the valley bottoms in mountainous catchments comprise floodplain 

wetlands, however, these wetlands are diminishing due to land use and land cover change 

(Vörösmarty et al., 2010). For example, historically, the Kromme valley bottom was dominated 

by Prionium serratum (palmiet) wetlands but due to the encroachment of the black wattle 

(Acacia mearnsii), these wetlands have been degraded. Palmiet is a wetland plant regarded as 

an environmental engineer because of its extensive root system that reduces the velocity of flow 

in channels and trapping sediments thereby stabilizing the channels and reducing 

sedimentation in dams respectively (Sieben, 2012). Land cover changes such as degradation of 

palmiet wetlands either by alien encroachment or removal for agriculture results in the 

destabilization of the river channels. In general, the overall response of a catchment is therefore 

influenced by the spatial distribution of land cover types and changes thereof in the entire 

catchment as well as the balancing or cancelling effects of those land use and land cover types 

(Sanyal et al., 2014). 

 

2.4 Monitoring and characterization of hydrological processes 

Management of water resources requires accurate analysis and understanding of hydrological 

processes in a catchment (Soulsby et al., 2016; Wenninger et al., 2008). This is achieved through 

various methods including hydrological modelling. However, reliable hydrological modelling 
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requires data for validation, which may not always be available. Furthermore, measured 

streamflow data alone may not always be sufficient for model validation (Eckhardt, 2005). 

Sound knowledge of internal processes becomes important. Numerous methods have been 

adopted to characterize and quantify hydrological processes, each of which gives specific 

insights into water storage, sources, hydrochemistry, interactions, mixing, etc. Such methods 

and techniques include hydrometry, geophysics, and tracer experiments (Tetzlaff et al., 2010). 

Each method has strengths and weaknesses in terms of the scale of application, cost, and the 

quality of information it can yield. Therefore, many researchers have adopted the multi-method 

approach to get a comprehensive understanding of the system (Böhme et al., 2016; Madlala et 

al., 2019; Ramatsabana et al., 2019). 

 

2.4.1 Use of tracers in catchment-scale hydrology 

Tracers have been very useful in providing new insights into the hydrological functioning of 

catchments. They were introduced to complement other hydrological methods and have been 

useful in hydrograph separation (Gou et al., 2018; Saraiva Okello et al., 2018), determination of 

water age (Lutz et al., 2018), water sources, flowpath characterization (Correa et al., 2017; 

Wenninger et al., 2008;  Zhou et al., 2015) and until recently, calibration and validation of 

models (Camacho Suarez et al., 2015; Mosquera et al., 2018). Table 2.1 shows various 

applications for natural tracers in catchments. 

 

Table 2.1: Tracers and their typical application 
Tracer Application 

Temperature Determine exchange between groundwater and surface water 

δ18O, δ2H Source identification, residence time, recharge rate estimation 

Chloride Deep drainage, mineralization 

pH Origin of runoff components 

EC Origin of runoff components, flowpath length, evaporation processes 

(Adopted from Aurecon, 2011) 

 

Environmental isotopes of water, δ2H (deuterium) and δ18O are conservative natural tracers 

which can be used to trace flowpaths. A conservative isotope does not decay or react with other 

minerals. Their compositions in water change with mixing of water from different sources and 

from evaporative separation only. They are not affected or changed by interactions with rock 

minerals and other aquifer materials, thereby allowing the determination of sources in a sample 

(Vitvar and Aggarwal, 1998). In a river channel, the isotope compositions reflect the inputs from 
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different sources and any evaporative enrichment occurring along the course of the river. The 

local and global meteoric water lines (empirical relationship between δ2H and δ18O of 

precipitation) are used to detect evaporative enrichment (fractionation) of different water 

samples (Midgley and Scott, 1994). Water samples plotting on the meteoric line are assumed to 

be of atmospheric origin and not altered by other processes, such as open water evaporation, 

evapotranspiration from soil storage, or mixing with evaporation enriched water. Sources of 

groundwater can be deduced by analysing where they plot in relation to the meteoric water line. 

If the isotopic concentration of a groundwater sample plots on or close to the line of 

precipitation, it means the sample is of meteoric origin, indicating relatively direct groundwater 

recharge from rainfall, without significant evaporation during storage in a surface water body or 

soil (Dansgaard, 1964). 

 

Geochemical tracers such as electrical conductivity (EC) and major ions have also been used 

alone or in combination with stable isotopes to gain insights and improve hydrological process 

understanding (Camacho Suarez et al., 2015; Penna et al., 2015). EC is non-conservative, which 

means it will not only give transport, source, and flowpath information, but reactive processes as 

well (Singha et al., 2011). Spatial variation of EC values in different water bodies are then used to 

deduce recharge and discharge relationships, as well as sources (Maurya et al., 2011; Song et al., 

2006). In some cases, EC is a better alternative tracer to isotopes for process-based hydrological 

understanding through flow partitioning and hydrological modelling applications. This is 

because EC can be monitored continuously at higher temporal resolutions using in-situ logging 

instruments compared to water isotopes which require relatively expensive off-site processing of 

samples with laboratory instruments (Mosquera et al., 2018).  

 

Many hydrological studies in semi-arid mountainous regions have used isotopes and 

geochemical tracers to provide insights into the hydrological functioning of catchments. These 

studies have generally found that, overall, runoff in these environments is dominated by 

subsurface flow contributions predominantly generated from groundwater with contributions of 

up to 98% in some cases (Camacho Suarez et al., 2015; Gibson et al., 2016; Guo et al., 2017; 

Wenninger et al., 2008; Zhou et al., 2015). However, the roles and contributions of different 

subsurface flow paths (interflow, shallow and deep groundwater) and event response flow 

contributions vary from catchment to catchment. Tracers are invaluable in identifying and 

quantifying runoff components which is important in hydrological process understanding 

particularly in cases where hydrometric data alone is insufficient. Several studies have therefore 
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acknowledged the importance of combining isotopes and hydrometric data to determine runoff 

generation in ways that would not have been possible when using just one method (Klaus and 

McDonnell, 2013; Laudon et al., 2004; Mcdonnell et al., 1999). Studies have tested that using 

both methods enables the estimation of residence times, and determination of origins and 

magnitudes of runoff components at different scales (Mul et al., 2009, 2008; Uhlenbrook et al., 

2002).  

Precise quantification of runoff components remain uncertain at large spatial scales, however, 

the general patterns and interactions of runoff components at different timescales (event and 

seasonal) can be identified. There are challenges associated with the application of tracers 

particularly in semi-arid settings which generally have high inter annual variability and flashy 

streamflow responses, lack of surface runoff in some cases, and the presence of deep 

groundwater resources, and high evaporation rates (Camacho Suarez et al., 2015; Hrachowitz et 

al., 2011; Jackson et al., 2008). Challenges are also experienced in meso-scale, mountainous 

catchments due to spatial variability; for example getting representative end-member samples 

for hydrograph separation given the high spatial and temporal heterogeneity. Other studies have 

therefore, used different indices to identify end members (McGuire and McDonnell, 2010; 

Ocampo et al., 2006). For example McGuire and McDonnell, (2010) identified hydromorphic 

soil characteristics that help to identify controlling end-members. Ocampo et al. (2006) used 

well levels to justify using one pre-event end-member (two-component hydrograph separation) 

as well data suggested that only one subsurface storage was active during events in a Western 

Australia agricultural watershed. In a semi-arid Makanya catchment, Tanzania, the applicability 

of using isotope tracers in identifying the runoff sources at different scales (0.3 km2 and 26 km2), 

was tested (Mul et al., 2008; 2009). However, isotope tracer results were ambiguous (Mul et al., 

2008). Their study further showed that hydrograph separation could be applied at smaller 

scales where spatial variability could be neglected compared to large scales. For a 

comprehensive understanding of catchment processes, it becomes important to integrate tracer 

data and classical hydrometric measurements. 

 

2.5 Hydrological Modelling 

2.5.1 Development of conceptual models in mountainous catchments 

In order to have an accurate conceptualization of hydrological processes in a catchment, a sound 

knowledge of catchment internal processes is essential. Using diagnostic patterns of soil 

moisture, streamflow, groundwater, and isotope data, processes such as streamflow generation 

and dominant hydrological flowpaths can be determined (Clark et al., 2008; Hrachowitz and 
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Clark, 2017; McMillan et al., 2011). Data analyses involves the assessment of particular 

responses from available data to infer the occurrence of certain phenomena i.e. assessment of 

subsurface soil moisture responses (saturation and drainage) to infer on evapotranspiration 

under different conditions (McMillan et al., 2011). Timing differences between rainfall and 

streamflow peaks can be analysed to assess subsurface flow responses (slow or quick flow) 

(Glenday, 2015). Using such information, a conceptual model of catchment processes is 

developed which will then be translated to a numerical model to simulate processes and test 

different hypotheses.  

 

Using a conceptual model developed, a catchment can be divided into landscape units with 

distinct hydrological responses in preparation for numerical modelling (Fenicia et al., 2011; H. 

Gao et al., 2014). This is because many physical processes that occur in the landscapes have a 

high correlation with the topographic position of the unit in the landscape (Weiss, 2001). 

Therefore, units are derived primarily based on topography, but other attributes such as 

geology, slope, and land use can also be considered (Savenije, 2010). Using the knowledge of the 

catchment hydrological behaviour, the dominant processes are represented for each landscape 

unit. Savenije (2010) proposes that in general, storage excess subsurface flow dominates 

hillslopes; plateaus have vertical drainage thereby recharging the deep groundwater store; and 

riparian areas are dominated by subsurface drainage and saturation excess overland flow. 

Flowpaths are therefore, dominant at different spatial scales depending on the landscape unit 

(Savenije, 2010). Most of these processes are however dependant on precipitation thresholds 

(Clark et al., 2011).  

 

2.5.2 Catchment scale model structure, data needs, and data availability. 

The use of process-oriented models to predict responses of catchments to anticipated scenarios 

is one of the most adopted methods in hydrology (Morán-Tejeda et al., 2015; Viviroli et al., 

2011). Hydrological models are simplified representations of processes to predict system 

behaviour, future scenarios, and gain insights into the hydrological functioning of catchments. 

Models are intended for many functions which could be investigative or operational (Montanari 

et al., 2013). Since the development of the first models i.e. the rational method for peak 

discharge (Mulvany, 1850) there has been an abundance of models developed which can be used 

to test different hypotheses (Clark et al., 2011).  
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There are different types of models ranging from empirical, conceptual to physically based 

models. Their classification is based on the physical principles applied, parameterization, and 

input data required (Todini, 2007). Purely empirical models do not always explicitly take into 

account internal processes; they provide behaviour based on observed numerical relationships 

without attempting to describe the physical mechanisms generating them. They are data-driven 

with equations derived from past data on a catchment's inputs and outputs, rather than 

beginning from quantitative conceptions about physical laws and processes that have been 

derived externally. Empirical models can have high predictive power in some settings, but low to 

no explanatory power for investigative changes (Beven, 2001). Conceptual models aim to 

describe components of catchment hydrological processes. Parameters are assessed through 

calibration and field data and some empirical equations are used in these models (Fenicia et al., 

2011). Physically-based models allow the discretization of a catchment in a distributed or 

semi-distributed way whilst taking into account the finite equations that represent processes 

and components of the hydrological cycle (Beven, 1982; Islam, 2015). Input parameters are 

physical properties of parts of the catchment that could, in theory, be measured in the field. 

Physically-based models often include a greater number of parameters than other model types 

and are usually data intensive due to their complex structures.  

 

A model structure is a representation of the catchment's organization and how the different 

parts are connected (Blöschl et al., 2008). To identify the most appropriate model structure to 

apply for a given problem, an understanding of differences between model structures is needed 

(Clark et al., 2008). In fixed modelling approaches, a predefined model structure is selected and 

various parameter values are calibrated to improve the fit of the model output to the 

observations from the catchment. Often this relies on model structures that have been built into 

available software programs, such as SWAT (Arnold et al., 1998), MIKE-SHE (Refsgaard and 

Storm, 1996) and ACRU (Schulze, 1995). Sometimes the model structure selection is based on 

data available for the catchment and the understanding of processes, but it may also be driven 

by the modeller’s familiarity with the structure and associated software (McMillan et al., 2011). 

 

The major disadvantage of using fixed approaches is that the model structure selected may not 

realistically represent dominant processes for the catchments they are being applied to. This 

results in poor model performance, numerical errors, and ultimately ill-informed decisions 

based on unreliable simulated outputs (Refsgaard and Hansen, 2010). Beven (2001) emphasized 

the notion that different processes are important and active at various spatial and temporal 

scales for various catchments (uniqueness of place). Hence flexible modelling was proposed as a 
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solution to the problems associated with fixed structure (one size fits all) modelling approaches 

(Fenicia et al., 2011). The advantage of using a flexible structure is that different hypotheses can 

be tested using similar or varying model structures (Clark et al., 2008; Fenicia et al., 2008). 

Furthermore, this approach allows for the comprehensive testing of the different model 

components on how they represent processes (H. Gao et al., 2014; Gharari et al., 2014; Savenije, 

2010). This can be achieved by developing a model structure using information gathered from 

field data to constrain the model (Mockler et al., 2016). Emphasis has been placed on targeted 

use of field data and information from the conceptual model to make decisions and inform the 

model structure, instead of choosing a pre-existing structure independently from the catchment 

conceptualisation to then be parameterized using available data (McMillan et al., 2011; Glenday, 

2015).  

 

Based on a review of several existing modelling platforms such as SWAT (Arnold et al., 1998) 

and ACRU (Schulze, 1995), the MIKE SHE (Refsgaard and Storm, 1996) modelling platform was 

selected for use in this study. The MIKE SHE model is an example of a mostly physically-based 

model that can simulate processes such as surface and subsurface water flow, 

evapotranspiration, and the complex interactions between groundwater and surface water 

(Prucha et al., 2016). It can simulate water quality, management and water use related 

operations, including but not limited to, irrigation and water control structures. However, the 

model can be set up in varying levels of complexity (lumped, semi-distributed, or distributed) 

depending on the intended use and data availability thereby allowing the testing of different 

hypotheses. MIKE SHE includes channel routing, overbank flooding and allows runoff routing 

across catenas of hydrological response units thereby considering infiltration of flow along the 

flowpath across different units. Some models do not allow this but instead route the runoff from 

each modelled unit in parallel to the river channel (Glenday, 2015).  

 

2.5.3 Predictive uncertainty in hydrological modelling 

The majority of research in hydrological modelling aims to represent processes occurring at 

scales of interest which are often difficult or impossible to measure (Beven and Young, 2013; 

Tanner et al., 2015). Models are then parameterized and calibrated to fit the catchment 

properties where they are applied. This can lead to uncertainty issues. Problems of uncertainty 

emanate from a variety of sources: errors in the input data used (could be either incomplete or 

with flaws), upscaling or downscaling of parameter sets used, and limited knowledge of the 

catchment’s dominant processes (Beven and Young, 2013; Tanner et al., 2015). Input variables 

are available as point measurements that must be extrapolated for use in the model, land use 
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and land cover data and soils information can be aggregated as well for the model. Uncertainties 

also arise from data used in calibration and validation such as streamflow data. 

There are several techniques available that can be used to assess uncertainty in hydrological 

modelling exercises such as Parameter Solution (van Griensven and Meixner, 2007) and 

Generalized Likelihood Uncertainty Estimation (Beven and Binley, 1992) or accepting sets of 

parameters that fall within acceptable ranges in a goodness-of-fit measure or acceptable 

thresholds set (Fenicia et al., 2008). Thresholds can be determined in consideration of the 

desired use of the model outputs and informed by literature or available data. 

 

2.6 Conclusion 

The review of literature highlighted the significance of mountainous catchments for water supply 

particularly in semi-arid environments where conflicts regarding water use and allocation are 

increasing. Furthermore, the review highlighted the numerous methods that can be employed to 

characterize and simulate hydrological responses to different vegetation types. The aim and 

objectives of this study were formulated based on this review of literature. 
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CHAPTER 3:  DESCRIPTION OF THE STUDY AREA AND RESEARCH DESIGN 

3.1 Introduction 

The Kromme catchment (Figure 3.1) which lies in the Eastern Cape Province in South Africa 

was selected as a case study site to gain insights into the hydrological functioning of 

mountainous catchments in semi-arid regions. The Kromme catchment supplies water to 

Nelson Mandela Metropolitan (NMM) which has been experiencing severe water shortages 

since 2010. The Kromme comprises both steep areas and floodplains with significant alluvial 

deposits and alluvial aquifers therefore presenting an opportunity to study the link between 

these landscape units and how processes vary due to a broad diversity of topographic 

characteristics, geomorphological types, precipitation inputs, and land use and land cover 

types. Different land use and land cover types were hypothesized to influence its hydrological 

functioning, particularly riparian invasion by black wattle (Acacia mearnsii) trees which affect 

streamflow and recharge processes.  

 

Figure 3.1: The Kromme Catchment and study area, showing major towns and dams. 
 

The Kromme River (Figure 3.1) is bordered by the Suuranys (inland) and the Tsitsikamma 

(coastal) mountains with elevations of ±1050 metres above sea level (m.a.s.l) and ±1500 

m.a.s.l. respectively (Mander et al., 2010). The river drains through a narrow valley between 

the two mountain ranges which are narrow and steep making their structure unique due to the 

geological uplifting and folding which took place millions of years ago (Powell and Mander, 

2009). The catchment area of the Kromme River catchment is approximately 1560km² from 
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its headwaters to the estuary (McConnachie et al., 2012). The river starts at an altitude of 550 

m.a.s.l. and becomes an estuary draining into the Indian Ocean through St Francis Bay after 

100 km (Mander et al., 2010). The focus area for this study is 360 km2 from the headwaters to 

Churchill Dam (Figure 3.1).  

 

3.2 Climate 

Rainfall in the Kromme catchment is highly variable with a mean annual of approximately 600 

mm/year (Figure 3.2). Rainfall in this catchment has become more variable and decreased 

over time (Rebelo, 2012). Annual rainfall can be high as 1200 mm/year and as low as 300-400 

mm/year. Although rainfall is unpredictable and falls anytime of the year, in the long-term 

data, most rainfall is received in autumn (February to April) and spring (August to October) 

compared to summer and winter. Furthermore, rainfall is unevenly distributed spatially within 

the catchment increasing from inland towards the coast (Lynch, 2004). Data collection took 

place during the most severe drought in over 30 years. The year 1984 was the driest in the 

region whilst 2016 and 2017 were third and second driest respectively. The Kromme has mean 

annual evaporative demand of approximately 1400 mm/year to 1800 mm/year and a mean 

annual runoff of 75 mm/year. The variability of rainfall gives rise to extremely variable runoff 

regimes. Average minimum temperatures range from 4-16°C whilst average maximum 

temperatures fluctuate between 22 and 29 °C throughout the year. Average potential 

evapotranspiration rates are high in summer and autumn, and lowest in winter (Figure 3.2). 

 

 

Figure 3.2: Rainfall, PET, MAP from 1960 to 2018 (a) and (b) Rainfall, PET, and minimum 

and maximum temperatures for the different months of the year  

 

3.3 Geology and Topography 

The geology of the Kromme catchment is shown in Figure 3.3. This catchment falls within the 

Cape Fold mountain region of South Africa which runs for approximately 1000 km in an east 

to west direction. The Cape Fold Belt comprises a series of mountain ranges with peaks 

reaching up to 2250 m.a.s.l. and formed from the folded and faulted sedimentary and partially 
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metamorphosed rocks due to tectonic convergence at plate margins (Colvin et al., 2009; Xu et 

al., 2009). The region is made up of a few geologic formations collectively known as the Cape 

Supergroup which consists of quartzitic sandstones and shale. One formation dominant within 

the Cape Supergroup is the Table Mountain Group (TMG) (Diamond, 2014). The dominance of 

faults and fractures in the TMG influences dynamic processes of aquifer storage, recharge and 

discharge in catchments within the TMG aquifer zone (Roets et al., 2008; Xu et al., 2009). The 

intense folding in the Cape Fold belt resulted in a trellis drainage pattern. The TMG lithology 

also comprises shales with low permeability which creates aquicludes. 

 

 

Figure 3.3: Geology of the Kromme Catchment dominated by sandstones and shale 
 

The hydrogeology of the catchment is strongly influenced by the TMG sandstones which are an 

important groundwater source (water-bearing fractured quartzitic sandstones) although the 

yield may be highly variable (Xu et al., 2009). The yield is determined by the presence of 

fractures and faults. Although there are no data on proportions of groundwater contribution to 

streamflow, estimates show that baseflow is significant (mean of 57% of MAR) indicating a 

substantial role of groundwater fluxes in this catchment (Rebelo, 2012). Groundwater from the 

high yielding TMG fractured sandstones is crucial for water supply in the arid and semi-arid 

areas of the Cape region (Xu et al., 2009). The Peninsula and Nardouw are the two major 

quartzite formations both known to have aquifers (Xu et al., 2009). The Peninsula forms the 

mountain top outcrops which are fractured therefore would be recharge zones and some 

springs are formed at the interface of the Peninsula aquifer and Cedarberg shale aquicludes. 

The Kromme River central valley has alluvium above a Bokkeveld shale layer bordered by 

outcroppings of the Nardouw formation at the margins and Peninsula at the mountain tops. 
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There may not be direct feedbacks or contributions from the Nardouw and Peninsula 

formations, however, the tributaries discharge water from the high yielding Peninsula into the 

main valley. A number of alluvial fans are evident on the valley floor where the mountain 

tributaries join the main river. These fans are hydrologically relevant as they promote 

groundwater recharge. They act as buffers whereby water coming from the tributary 

catchments spreads and infiltrates on the fan, reducing the chances of it reaching the main 

river channel directly as surface flow (Rebelo, 2012; Smith and Tanner, 2019). They also act as 

controls on valley bottom wetlands by limiting their extent (Haigh et al., 2008).  

 

The topography is extremely variable and altitude ranges from 0 to 1500 m.a.s.l (Figure 3.4). 

The topography of the Kromme comprises both steep mountainous terrain and floodplains 

with significant alluvial deposits. Similar to the topography, slopes in the catchment are also 

variable ranging from 20%-30% (north facing) and 25%-60% (south-facing) (Haigh et al., 

2002). The upper part of the Kromme valley floor has a longitudinal slope of 0.6% and a 

regional slope of 0.35%.  

 

 

Figure 3.4: The topography of the Kromme catchment showing steep slopes in the upper 

parts of the catchment. 
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Soils in the catchment are shallow particularly on the mountain slopes. In the lower slopes of 

the landscape, the soils are structured and dark whilst slopes higher up the mountains 

comprises acidic and nutrient-poor soils. The soils are a result of the weathering of quartzite 

sandstone and the shale (Powell and Mander, 2009). Due to the shallow soils characteristic of 

the mountain slopes and the low water-use of fynbos, groundwater recharge is perceived to be 

high despite the low average amounts of rainfall received in the catchment.  

 

3.4 Spatial distribution of the major land use types 

Land uses in the catchment consist of intensive fruit, vegetable, and livestock farming 

including irrigated pasture for dairy (Rebelo, 2012) (Figure 3.5). The largest town in the 

catchment is Kareedouw with a population of approximately 1000 people (Rebelo, 2012). 

There is one major impoundment (Churchill dam) and several small farm dams in the study 

focus area. Farm dams used for irrigation are recharged by tributary streams and water 

abstracted directly from the river.  

 

 

Figure 3.5: Land use types found in the Kromme Catchment 
 

There is intensive fruit, vegetable and livestock farming in the floodplain of the Kromme River. 

Although farmlands cover approximately 28 000 hectares of the landscape with livestock and 

commercial fruits, large areas of natural vegetation still exist. The headwaters in the Kromme 

catchment are dominated by indigenous vegetation, primarily fynbos. The valley bottoms as 

well as a few other upslope parts of the catchment are dominated by wetlands which have 

suffered severe degradation as active farming in the wetlands is conducted. Valley bottom 

wetlands are dominated by palmiet (Prionium serratum) which is a wetland plant that usually 
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dominates fluvial river systems in landscapes underlain by quartzitic bedrock particularly in 

the Eastern and Western Cape provinces of South Africa. The Kromme catchment has been 

heavily transformed by agriculture and alien invasion particularly in riparian areas. Woody 

alien plant invasion in the Kromme catchment began in the 1930s resulting in deterioration of 

wetland health since then (Rebelo, 2012).  

 

3.5 Spatial distribution of vegetation types in the Kromme Catchment 

Fynbos is the dominant vegetation type in the area, particularly on mountainous areas and 

high plateaus not utilized for agriculture due to nutrient poor soils (Figure 3.6) (Mander et al., 

2010; Mucina and Rutherford, 2006). Fynbos has been severely degraded due to grazing and 

managed burning on the lower mountain slopes. Thickets of indigenous trees occupy small 

sections in the lower mountain slopes and riparian areas where nutrient rich soils occur 

(Mucina and Rutherford, 2006). Indigenous forest is also found in the narrow mountain 

kloofs. Other areas have shale renosterveld, grassland and forest (Mucina and Rutherford, 

2006). There are also irrigated pastures and apple orchards (Figure 3.6). Kromme has large 

permanent wetlands which are dominated by palmiet (Prionium serratum) with smaller 

patches of reeds, sedges, grasses, and ferns (Haigh, et al., 2002).  

 

 

Figure 3.6: Vegetation types found in the Kromme Catchment 
 

Land cover conversion has mostly been floodplain cultivation and the growth of dense stands 

of invasive trees, predominantly in riparian areas (Figure 3.6) (Mander et al., 2010; Rebelo, 

2012). Alien trees are known to use more water than indigenous vegetation as well as being 
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responsible for the collapse of palmiet wetlands (Rebelo, 2012). The trees have invaded 

different parts of the catchment such as mountain slopes, wetlands but predominant in 

riparian areas where water is readily available. Dominant invasive alien trees in the catchment 

are black wattle (Acacia mearnsii) and pines (Pinus pinaster). Isolated populations of 

blackwood (A. melanxylon), silky hakea (Hakea sericea), gum (Eucalyptus spp.), and 

rooikrans (A. cyclops) are also present (Rebelo, 2012). In the 1980s, more than 60% of the 

Kromme catchment was invaded by alien trees (Carpenter 1999), however, due to clearing 

efforts by farmers as well as the Working for Water Programme, alien expansion has not 

increased in coverage but rather decreased (McConnachie et al., 2012).  

 

3.6 Drainage and hydrology 

The Kromme drainage follows a trellis pattern influenced by the folding and faulting of the 

Cape Fold Belt geology. There are six major and five minor tributaries that join the main river 

from the southern Tsitsikamma Mountain range, and seven large and numerous minor 

tributaries entering from the drier northern Suuranys Mountain range (Haigh et al., 2002). 

Groundwater from both the bedrock and alluvial aquifers maintain perennial to near perennial 

streamflow in the main channel and the mountain tributary streams. Groundwater recharge is 

estimated to be high largely because mountain slopes are characterised by shallow soils and 

the dominant fynbos vegetation has low water use (Rebelo, 2012).  

 

The Kromme River discharges into the Churchill and Impofu dams (capacity: 35 710 106 m3) 

(Haigh et al., 2008). These major dams cover 7.3 km2 (0.9% of the catchment). The dams 

supply water to the Nelson Mandela Metropolitan (approximately 90 million m³ per year) 

(Mander et al., 2010). Farm dams are not prevalent in this catchment with a few covering 0.3% 

of the catchment area (2.8 km2). Discharge from the Kromme catchment varies significantly 

due to the high inter-annual variability of rainfall. The mean annual runoff of Kromme River 

catchment is ±75 mm/year approximately 11% of the estimated mean annual rainfall received 

in the catchment (Middleton & Bailey 2008). 

Water demands are increasing inside the catchment and surrounding areas due to the growing 

human population. Changes in land use and cover types in the catchment impact hydrological 

processes. Understanding the impacts of changes in land and water management on the water 

security of the Kromme catchment therefore, becomes imperative.  
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3.7 Research design 

The general approach for field data collection used in this study will be outlined in this chapter 

because it is relevant across objectives; however, specific methods for each objective will be 

described in detail in subsequent chapters. The focus area of the study was the Kromme upper 

catchment down to the Churchill Dam (Figure 3.7). 

 

 

Figure 3.7: Map of Kromme Catchment showing the study focus area and monitoring sites.  

 

To characterize the spatiotemporal variability of water sources, flowpaths and streamflow 

generation patterns, various hydrometric data were collected continuously by installed 

equipment from April 2017 to December 2019. Field visits were done every 2-3 months to 

download data and for routine sampling. Stream water levels were measured at selected sites 

along the main channel (upper, middle and lower parts of the catchment) and two tributaries 

(one from the drier Suuranys Mountains and the other from the wetter Tsitsikamma 

Mountains). Rainfall data were obtained from four tipping bucket rain gauges installed at both 

high and low elevation areas with loggers recording event-based rainfall (calibrated to 0.2 mm) 

and temperature. Long term data sets were obtained from the Agricultural Research Council 

(ARC) and the South African Weather Services (SAWS) for the Kareedouw and Churchill dam 

weather stations. Quality control on weather data was done by the supplying agencies. 
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Shallow and deep groundwater levels were monitored to assess recharge mechanisms as well as 

to understand interactions between groundwater and surface water in the catchment. Herein, 

shallow groundwater refers to subsurface water from the alluvial aquifer monitored in 

piezometers (<4 m) in the floodplain, whilst deep groundwater refers to subsurface water from 

bedrock aquifers monitored from boreholes. Shallow groundwater level dynamics were 

monitored in 20 piezometers from April 2017 to December 2019 at three sites (Figure 3.7) 

These sites were an upstream site near a palmiet wetland in the floodplain (Kompanjiesdrift), 

then midway down the catchment at an actively farmed site with some remnant wetland area 

(Hudsonvale), and a site at the lower parts of the catchment with a large mature stand of black 

wattle and an area that has been cleared of wattle, where palmiet wetland is re-establishing 

(Willowvale). Sites for piezometers were selected based on their location in the floodplain as 

well as the above ground land cover type dominant at each site. The depths and number of 

piezometers installed was dependent on site accessibility and depth to refusal. Deep 

groundwater level dynamics were monitored in boreholes (one in the upper part of the 

catchment and two in the middle part of the catchment), using Solinst level loggers (logging at 

one-hour intervals). Water quality parameters were measured manually at each site and 

samples collected for lab analyses. Locations, names and sites codes used in this study are 

given in Table 3.1. and 3.2. The same site codes are used throughout subsequent chapters.  

 

Table 3.1: Upper catchment monitoring site names and codes used in the study.  

Site Name Code Site Type Instrument  Elevation Depth 

Ground Bottom 

Kompanjiesdrift KDBH* Borehole AT PT 437.4  33 

 KDRV*  River MM     

 KGRV*  River AT PT 396.3   

 KPZA Piezometer MM SG 343. 7 341. 9 1.8 

 KPZB Piezometer MM SG 342.3 340.7 1.6 

 KPZC Piezometer MM SG 344.3 340.6 3.7 

 KPZD Piezometer MM SG 344.3 341.1 3.2 

 KPZE Piezometer MM SG 344.1 341 3.1 

 KPZF Piezometer MM SG 341.3 339.3 2 

 KPZG Piezometer MM SG 339.97 337. 5 2.5 

 KPZH Piezometer MM SG 339.5 337.6 1.9 

 KPZI Piezometer MM SG 341.96 340.7 1.2 

*Sites established by Smith and Tanner (2019), SG-Staff Gauge, PT-Pressure Transducer, 

AT-Automated and MM-Manual.  
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Table 3.2: Midcatchment site names and codes used in the study. 

Site Name Code Site Type Instrument  Elevation Depth 

Ground Bottom 

DT Jagerbos JBHU Borehole AT PT 295.8  30 

 JBHL Borehole AT PT 286.7  100 

Hudsonvale HV BR  River MM     

 HV GB River AT PT 255.3   

 HVPK BH Borehole MM SG    

 HVPK SP Seep MM     

 HVPZ1 Piezometer MM SG 258.9 257.8 1.12 

 HVPZ2 Piezometer MM SG 259.1 257.7 1.35 

 HVPZ3 Piezometer MM SG 262.4 260.3 2.1 

 HVPZ4 Piezometer MM SG 262.8 261.1 1.8 

 HVPK Tributary AT PT 290.9   

 Witels TB Tributary AT PT 257.8   

Willowvale WV RV River AT PT 176. 4   

 WT PZ1 Piezometer AT PT 179.2 176.1 3.1 

 WT PZ2 Piezometer MM SG 177.9 176.9 1.0 

 WT PZ3 Piezometer MM SG 178.2 176.6 1.59 

 PM PZ4 Piezometer AT PT 180.5 177.9 2.63 

 GS PZ6 Piezometer MM SG 181.2 179.3 1.9 

 GS PZ7 Piezometer MM SG 181.6 178.4 3.15 

SG-Staff Gauge, PT-Pressure Transducer, AT-Automated and MM-Manual 
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CHAPTER 4: STREAMFLOW CHARACTERISTICS AND DOMINANT 

FLOWPATHS LINKING LANDSCAPE UNITS IN A SEMI-ARID, MOUNTAINOUS 

CATCHMENT OF THE CAPE FOLD BELT. 

4.1 ABSTRACT  

Improving our understanding of streamflow characteristics, water storage, and flowpaths in 

mountainous regions is important as mountains play an important role in delivering water to 

lowlands, particularly in semi-arid areas. Conceptual and physical understanding of 

catchment function can be built from analyses of hydrometric data of various types and 

scales. This chapter characterizes water sources, flowpaths, and streamflow characteristics in 

a semi-arid, mountainous Kromme catchment in Eastern Cape Province of South Africa. 

Precipitation, soil moisture, groundwater levels and streamflow data were analysed to 

identify patterns that indicate the occurrence and/or dominance of certain processes, 

responses, and flowpaths. The goal of the study was to use available data to build a 

conceptual model of the catchment which would ultimately be used for numerical modelling.  

The results demonstrated how the catchment responds differently to rainfall events across 

seasons and intensities. Steep and rocky areas that make up much of the Kromme catchment 

contributed significant flood peaks after high-intensity storms. Surface and subsurface flows 

were significant in recharging the floodplain alluvial aquifer as well as maintaining 

streamflow during dry periods. Average annual runoff coefficients were low implying large 

ET withdrawals from dominant flowpaths and/or storage in inactive groundwater 

(coefficients are less than 10% meaning that more than 90% of precipitation inputs may be 

lost to ET). Quick and slow flow responses after rainfall events indicated the dominance of 

both surface and subsurface flowpaths after storm events. The Kromme catchment has a 

sizeable floodplain with large alluvial aquifers, which make significant contributions to 

catchment storage and outflows. Overall, the catchment streamflow was sustained by 

baseflow (for >60% of the time). Recession patterns showed that the channel receives flow 

from different storages such as the alluvial and bedrock aquifers and flowpaths at different 

rates with maximum recession periods up to 22 days indicative of interflow dominance and 

floodplain drainage. Throughout the monitoring period, the river system was gaining flow at 

the different sites during both low and high flow conditions. Groundwater and stream water 

level data indicated that the channel was gaining from the mountain bedrock through 

tributary flows and from the alluvial aquifer. A conceptual model of flowpaths and processes 

at the catchment scale is presented. This research helps to improve the understanding of 

catchment scale hydrological processes in semi-arid meso-scale mountainous environments.  
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4.2 INTRODUCTION  

Mountainous areas are important water sources that sustain surrounding ecosystems, 

agriculture, and industries, particularly in arid and semi-arid regions (Viviroli et al., 2011, 2003). 

An assessment by Vivirolli and Weingarther (2004) revealed that 90% of the total estimated 

freshwater in all rivers globally comes from mountainous areas. Understanding hydrological 

processes in these catchments can contribute significantly to sustainable management of water 

resources, however the majority of research to date has focused on small headwater catchments 

particularly in humid areas (Xing et al., 2015; Zhao et al., 2019).  

Multiple features and processes contribute to the dominant hydrological role of mountains. 

Mountainous catchments often receive more precipitation than surrounding lowlands, 

particularly in arid and semi-arid areas (Burke, 2009). Complex meteorological patterns in these 

catchments are influenced by physiographic features such as high elevation peaks and deeply 

incised narrow valleys (Concern, 2014; Washington, 1996). Groundwater from these catchments 

has also been shown to contribute significantly to streamflow (Wilson and Guan, 2013). Notable 

contributions to streamflow, and/or floodplain storage, can come through the bedrock because 

soils and alluvium are generally thin or non-existent in steep mountainous terrain (Graham et 

al., 2010; Mueller et al., 2013).  

 

Semi-arid mountainous catchments exhibit high variability in streamflow characteristics in both 

space and time which makes prediction of these characteristics challenging (Bafitlhile and Li, 

2019). This is partly due to paucity of hydrological data and complexity of runoff generating 

processes, particularly when spatial scales of analysis increase (Hood and Hayashi, 2015). A 

diversity of flowpaths may be dominant at different spatial and temporal scales as the underlying 

geology and the complex topographic properties give rise to different response characteristics in 

various locations (Savenije, 2010). Knowledge of flowpaths can give an idea of the catchment’s 

residence time (Grande et al., 2020; Zhou et al., 2021), runoff source areas (Wenninger et al., 

2008), and connectivity between hillslopes and floodplains (Ochoa et al., 2013; Okin et al., 

2015).  

 

Runoff generation mechanisms and the associated flowpaths, have been mainly investigated in 

headwater catchments in humid areas (Becker, 2005; James and Roulet, 2009; Penna et al., 

2011; Zhao et al., 2019). Understanding of these processes in semi-arid catchments at the 

meso-scale is still inadequate, particularly in mountainous areas. Some studies have indicated 

that pre-event or old water dominates hydrographs in these catchments (Camacho Suarez et al., 
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2015; Wenninger et al., 2008). Under dry conditions, due to very low antecedent moisture 

conditions, the hydrograph does not reveal immediate response to rainfall events as storage 

deficits will be high (James and Roulet, 2009). Furthermore, process observation and simulation 

studies done at the meso-scale in semi-arid environments have observed seasonal patterns in 

flowpath connectivity between land units, showing evidence of threshold dependence in some 

cases (Bracken et al., 2013; McGuire and McDonnell, 2010; Ochoa et al., 2013; Poeppl et al., 

2019). Other studies have shown variable patterns of connectivity between streams and alluvial 

aquifers (Keene et al., 2007; Raiber et al., 2019) and significant differences in these patterns 

during droughts (Raiber et al., 2019). During dry periods, connectivity between land units is 

maintained by subsurface flows, i.e. between uplands and mountain front plains (Ocampo et al., 

2006), and between floodplains and river channels (Keene et al., 2007; Raiber et al., 2019). 

Antecedent soil moisture conditions and magnitude of rainfall received have been further shown 

to control hydrological connectivity between land units (McGuire and McDonnell, 2010) as well 

as controlling runoff generation at the catchment scale (James and Roulet, 2009). These 

responses depend on rainfall characteristics, land use, topography, and the underlying geology. 

 

This study investigates the spatiotemporal variability of streamflow characteristics, water 

sources, and flowpaths in the upper Kromme catchment, a semi-arid, meso-scale (360 km2) 

catchment in the Cape Fold Belt of South Africa. In the semi-arid Cape region of South Africa, 

mountain ranges in the Cape Fold Belt are the headwaters of almost all rivers and dominate the 

water supply system with peaks reaching up to 2250 m.a.s.l (Colvin et al., 2009; Xu et al., 2009). 

The Kromme is dominated by Table Mountain Group (TMG) quartzitic sandstones and shales, 

and comprises both steep mountainous terrain and floodplains with significant alluvial deposits 

and alluvial aquifers. Groundwater from the high yielding TMG fractured quartzitic sandstones 

is crucial for water supply in the arid and semi-arid areas of the Cape region (Xu et al., 2009). A 

previous study in the Kromme upper catchment showed that subsurface flow comes out of 

tributary catchments via alluvial fans and recharges the alluvial aquifer supporting the floodplain 

wetland (Smith and Tanner, 2019). Furthermore, groundwater from the mountain bedrock was 

discharged into tributaries, even during dry periods water appeared to still move through alluvial 

deposits along the drainage line to reach the floodplain. The study by Smith and Tanner (2019), 

focused on a small area covering one tributary however, similar results were expected as the 

Kromme catchment comprises many tributaries discharging into the main river directly and/or 

via alluvial fans. Studies in some parts of the TMG have indicated that groundwater is discharged 

through valley bottom wetlands, seeps, and as baseflow in river channels indirectly via alluvial 

aquifers or where the river channels cut directly into the bedrock (Colvin et al., 2009).  
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In the Kromme catchment, as reported elsewhere in the Cape Fold Belt TMG region (Midgley 

and Scott, 1994; Roets et al., 2008; Xu et al., 2009), interflow from the highly fractured surface 

rock layers and soil-bedrock interface is expected to be a significant source of water discharging 

into wetlands, floodplain aquifers, and tributaries and the main river. Interflow also contributes 

significant portions of water to wetlands in valley bottoms and recharge to alluvial aquifers 

facilitated by the steep slopes and thin coarse grained soils characteristic of these catchments 

(Roets et al., 2008; Smith, 2019; Xu et al., 2002). Similar to the neighbouring Bavianskloof 

catchment (Glenday, 2015), the Kromme has coarse alluvial deposits and a generally low 

gradient, therefore the floodplain is expected to slow down flows or reduce the intensity of 

flooding due to channel roughness and floodplain infiltration. 

 

Most work in the TMG has, however, overlooked some features common to the region’s 

catchments at larger scales, such as the typical floodplain areas between parallel mountain 

ridges; their flowpath connectivity to the mountains and their role in the hydrology of meso-scale 

catchments. The objective of this chapter is therefore to characterize the spatiotemporal 

variability in water sources, flowpaths, and streamflow characteristics in the Kromme catchment 

through interpretation of hydrometric data.  

 

4.3 MATERIALS AND METHODS  

4.3.1 Study site 

Detailed descriptions of location, geology, land use, and other physiographic characteristics of 

the Kromme catchment are presented in Chapter 3. To characterize the spatiotemporal 

variability in water sources, flowpaths and streamflow characteristics, rainfall, groundwater and 

streamflow data was used. Data was obtained from rain gauges and weather stations owned by 

the Agricultural Research Council (ARC), the South African Weather Services (SAWS), and the 

Department of Water and Sanitation (DWS) at Kareedouw and Cape St Francis (by Churchill 

dam) (Figure 4.1). Data were also collected for surface and groundwater monitoring sites in the 

upper part of the catchment established by Smith and Tanner (2019). Additional monitoring 

sites were established for this study to capture the spatiotemporal variability of processes at the 

catchment scale, shown in Figure 4.1. The study focus area was the Kromme upper catchment up 

to Churchill dam (360 km2) (Figure 4.1).  
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Figure 4.1: Map of Kromme Catchment showing established monitoring sites for rainfall, 

streamflow and groundwater. The focus area is divided into three sections: U-Upper catchment 

(Kompanjiesdrift), M-mid catchment (Hudsonvale), and L-lower catchment (Willowvale).  

 

4.3.2 Data collection procedures 

To characterize processes and response patterns, rainfall, temperature, and surface and 

groundwater levels were logged continuously by installed equipment from April 2017 to 

December 2019. Field visits were done every 2-3 months to download data and do routine 

sampling. Rainfall data were obtained from four tipping bucket rain gauges installed at both 

high and low elevation areas for the measurement of event-based rainfall (calibrated to 0.2 mm) 

and temperature. High elevation rain gauges were installed at 481 and 382 m.a.s.l. at the 

northern and southern mountain ranges respectively. Sites higher than 500 m.a.s.l. could not be 

reached to install rain gauges due to inaccessibility. The floodplain rain gauges were installed at 

262 and 182 m.a.s.l. (Figure 4.1).  

Twenty piezometers were installed to monitor groundwater levels in the floodplain to compare 

fluctuations with surface water elevations. Sites for piezometers were selected based on their 

location in the floodplain as well as the above ground land cover type dominant at each site. 

Piezometers were installed at three sites (Figure 4.1): Kompanjiesdrift, an upstream site near a 

palmiet wetland in the floodplain; Hudsonvale (midway down the catchment), an actively 

farmed site with some remnant wetland area; and Willowvale, a site in the lower part of the 
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catchment with a large mature stand of black wattle and an area that has been cleared of wattle, 

where palmiet wetland is re-establishing. The depths and number of piezometers installed was 

dependent on site accessibility and depth to auger refusal. Eighteen piezometers were manually 

monitored due to financial constraints (two to three month intervals) whilst two were equipped 

with Solinst level loggers logging at 30-minute intervals from April 2017 to December 2019.  

 

At Kompanjiesdrift, the upper catchment site, nine piezometers were installed in the floodplain 

adjacent to a gabion weir which was built to prevent further erosion of the wetland by the 

Working for Water Programme of South Africa. At Hudsonvale, the midcatchment site, four 

piezometers were installed. Two piezometers were installed inside the wetland and the other two 

were installed outside the wetland in the floodplain. At Willowvale, the lower catchment site, 

seven piezometers were installed. Three piezometers were installed in one transect in the black 

wattle stand, two piezometers were installed in the regenerating palmiet patch and two 

piezometers in the re-establishing grass area. This was done to compare the variability in 

groundwater levels at the different locations.  

 

Deep groundwater was monitored at privately-owned boreholes courtesy of willing farm owners. 

To monitor groundwater level dynamics, water level loggers (Solinst, logging at one-hour 

intervals) were installed in boreholes; one in the upper part of the catchment, at Kromdraai 

(KDBH), and two in the middle part of the catchment, at Jagerbos. Stream water levels were 

measured at three sites along the main channel in upper, middle and lower parts of the 

catchment (Figure 4.1). Sites along the main river were selected in areas with palmiet wetlands, 

alien trees and/or where tributaries join the main channel. Water levels were also measured at 

two tributaries, one from the drier Suuranys Mountains (HVPK site) and the other from the 

wetter Tsitsikamma Mountains (Witels), to monitor the variability of flows from the two 

mountain ranges. Sites for water level and river flow measurements were selected using the 

World Meteorological guidelines whereby channels should be free of aquatic plants, water flow 

confined to a single channel, and regular profiles with stable banks (World Meteorological 

Organization, 2008). However aquatic plants, splitting of the main channel and off-channel 

pools along floodplains were frequently encountered during site selection campaigns, thereby 

restricting the majority of sampling sites to gabion structures and bridges that provide artificial 

control sections. 

 

River water levels were measured using pressure transducers (Solinst level loggers) logging at 

30-minute intervals. The data were compensated for atmospheric pressure using a barometer 
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logging at 30-minute intervals at the Willowvale site. Table 4.1 shows monitoring sites and 

contributing catchment area for each site. River water level data were then used to estimate 

streamflow based on rating curves (Cornelius et al., 2019). Rating curves were derived from 

channel cross-section data and manual flow measurements taken under different conditions. The 

channel cross-sections were surveyed at Witels, HVPK (tributaries), Kompanjiesdrift, 

Hudsonvale, and Willowvale (main river), using a GeoMax Zenith20 differential GPS, with a 

GNSS Base RTK Rover system. Flow measurements were done using a flow meter (OTT MF pro) 

at equally spaced points across the channel (0.5 m intervals). For the determination of Manning's 

n roughness coefficients, measured flow, slope, and wetted cross-sectional area were used. The 

topographic surveys also allowed for the assessment of surface vs. groundwater levels at the 

different sites. The majority of analyses were done using data at daily time steps, however in 

order to characterize the variability of some processes and responses hourly data was used.  

 

Table 4.1: Monitoring locations and their catchment areas 

Site name Site type Catchment 
area (km2) 

Equipment  Duration 

Kromdraai Main river 15 BH,WQ (MM) Aug 2018 to Dec 2019 

Krugersland Main river 37 PZ,WQ,SF (MM) Aug 2018 to Dec 2019 

Kompanjiesdrift Main river 49 PZ,WQ  (MM) Apr 2017 to Dec 2019  

Hudsonvale Main river 152 PZ,RN,WQ,SF (AT)  Apr 2017 to Dec 2019  

Jagerbos Main river 135 BH,WQ (MM) May 2018 to Dec 2019 

Witels Tributary 18 WQ,SF  (AT) Apr 2017 to May 2018  

HVPK Tributary 3 BH,RN,WQ,SF(AT) Apr 2017 to Dec 2019  

Willowvale Main river 278 PZ,RN,WQ,SF (AT) Apr 2017 to Dec 2019  

Borehole-BH, Piezometer-PZ, Rainfall-RN, Water quality-WQ, Surface flow-SF, Manual 
Measurements-MM, Automated-AT  
 

4.3.3 Data analysis 

Several analyses were performed on data collected during the monitoring period from April 

2017 to December 2019. In this study, a rainfall event was defined ≥2 mm in a day. Heavy storms 

were defined as events when rainfall received was ≥30 mm/day. A streamflow response to a 

rainfall event was defined as starting with a 20% increase in flow within 24 hours and ending 

when the flow decline over a 24 hour period was less than 10% in comparison to flow during the 

previous hour. Precipitation and streamflow data were also used to estimate runoff coefficients, 

and thresholds for streamflow initiation for the whole catchment and tributary sub catchments. 

Contributing areas to monitoring sites are given in Table 4.1. To calculate runoff coefficients, 
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spatially averaged rainfall for the contributing catchment area of each monitored site was used 

and streamflow volumes were converted to depths (mm). Spatially averaged rainfall for each sub 

catchment area considered was estimated using time series rain gauge data and the Lynch 

(2004) surfaces of median monthly precipitation (Cornelius et al., 2019). The mean monthly 

rainfall surface estimated by Lynch (2003) was extracted for all grid cells where installed rainfall 

driver stations were located using Thiessen polygons and zonal statistics. The surface was 

produced at a regional scale with a relatively coarse spatial resolution at a regional scale. Surfaces 

were used to interpolate spatially averaged rainfall for a time series record for areas of interest 

(Cornelius et al., 2019). PET was estimated from daily temperature data using the Hargreaves 

and Samani (1985) method and scaled up using the Schulze et al. (2007) PET surfaces and 

station time series data for sub catchment units of interest (Cornelius et al., 2019). The 

Hargreaves and Samani (1985) method was used to estimate PET as it only requires daily mean 

minimum and maximum temperature data as well as solar radiation and has demonstrated 

accuracy for arid climates (Nóia Júnior et al., 2019). The same scaling method used for rainfall 

scaling was applied for PET using Schulze et al. (2007) PET surfaces to estimate spatial climate 

parameters by applying season varying scaling factors to driver station time-series data. Patching 

was done for gaps in the record using rainfall or PET monthly ratios for closely correlated 

stations that are within 30 km of a driver station with a minimum of 5 years of 5 overlap.  

 

Flow duration curves (FDC) which show the percentage of time a particular discharge was 

equalled or exceeded as a cumulative frequency curve were constructed for all sites where flow 

was measured. To estimate baseflow, the digital filter method was adopted from Eckhardt 

(2005). The method involved the use of a two parameter digital filter on time series daily flow 

data, separating quick and slow portions of the total flow to approximate baseflow contributions.  

𝑏𝑡 =
(1 − 𝐵𝐹𝐼𝑚𝑎𝑥)𝑎𝑏𝑡−1 + (1 − a)𝐵𝐹𝐼𝑚𝑎𝑥 𝑄𝑡

1 − 𝑎𝐵𝐹𝐼𝑚𝑎𝑥
                                                                               (4.1) 

Where 

𝑏𝑡 = baseflow portion of the daily flow (m3/s) for time step t 

t = time step number (days) 

t-1 = previous day 

a = filter parameter derived by recession analysis 

𝐵𝐹𝐼𝑚𝑎𝑥= filter parameter (maximum value of baseflow index) 

Qt = total daily flow (m3/s) for time step t 
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The baseflow index was calculated using equation 4.2 below where N is the total number of days 

in the observed flow record. 

𝐵𝐹𝐼 =
∑ 𝑏𝑁

𝑡=1 𝑡

∑ 𝑄𝑁
𝑡=1 𝑡

                                                                                                                                           (4.2) 

The BFImax cannot be estimated before the separation in many instances, however, there are 

BFImax values proposed by Eckhardt (2005) that can be used (linked to the hydrogeological 

characteristics of the catchment). Proposed values for BFImax are 0.25 and 0.80 for perennial 

streams with hard rock and porous aquifers respectively whilst 0.50 was proposed for 

ephemeral streams with porous aquifers (Eckhardt, 2005). Recession analysis was performed to 

get the filter parameter/recession constant a. Values for the recession constant a varies from 

zero to one giving an indication of flow depletion rate at each site (Mazvimavi et al., 2003). The 

recession analysis was performed using observed data from April 2017 to December 2019. The 

Kromme catchment has no defined rainfall seasonality, therefore the master recession curves 

(Tallaksen, 1995) could not be applied for this catchment. Streamflow recession was therefore 

described using equations 4.3 and 4.4 (Chapman, 1999). 

𝑄𝑏 = 𝑄0 𝑒−𝑏/𝜏 = 𝑄0 𝑎𝑏          (4.3) 

𝑎 = 1/𝜏           (4.4) 

𝑄𝑏 = flow in m3/s at time b after event recession started in days  

𝑄0 = flow at the beginning of the recession in m3/s 

a = recession constant  

b = time since recession started (days) 

𝜏 = groundwater storage turnover time 

The recession analysis was performed for periods when streamflow declined for at least five 

consecutive days, excluding the first two days after a rainfall event, until the day before the next 

rainfall event (adapted from Glenday, 2015). Recession curves were plotted for 𝑑𝑄𝑟
/𝑑𝑡 vs. 𝑄𝑟, 

where 𝑄𝑟is receding streamflow and t is time using Rupp and Selker (2006) accumulated 

volume method. The recession constant a value was derived from the best fit linear regression 

exponential equation. The average response time in storage was given by 1/a. 

 

4.4 Systematic data analyses to infer on the occurrence of processes 

Using data collected from April 2017 to December 2019, a systematic analysis was performed for 

the description of catchment processes and connectivity between land units. This was done 

following data analyses recommended by McMillan et al. (2011) and Clark et al. (2011). A 

summary of the analyses done is given in Table 4.2 and further descriptions are given thereafter.  
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Table 4.2: Summary of analyses performed on available data to infer and/or indicate the occurrence of dominant patterns or 

processes- Adopted from Glenday (2015) and McMillan et al. (2011).  

Scale Data  Data analysis Interpretation of process 

Tributary SW, P Determination of thresholds 

for streamflow initiation and 

duration of flow 

Surface and subsurface contributions to tributary flows are indicated by 

timing between rainfall events, flow peaks and response shape. 

Main 

Channel 

GW, SW Comparison of elevation 

differences between alluvial 

groundwater level and surface 

and water elevation  

Channels lose water to ET and bed infiltration which may recharge the 

alluvial aquifer or channels may gain from the alluvial aquifer, and 

groundwater from mountain bedrock discharge. When the river water 

elevation is above the groundwater level elevation, the river reach will be 

losing and vice versa. 

Alluvial 

aquifer 

GW, P Analysis of timing in 

groundwater level change and 

peak timing after a rainfall 

event 

Responsiveness indicates notable local recharge through direct 

infiltration, percolation and/or flow to the site. No response or long lags 

shows net recharge is not significant and could be affected notably by ET. 

Catchment SW, P Analysis of streamflow peak 

timing after a storm 

Slow time to peak may indicate ET impacts on contributing flowpaths. 

Quick time to peak indicates dominance of surface runoff and event water 

to streamflow. 

Catchment SW, P Analysis of quick and slow 

response flowpaths (numerical 

filter applied to hydrograph)  

Relative dominance of surface vs. subsurface flowpaths. Variability in 

slow flow (baseflow) indicates variability in aquifer storage. 

Catchment SW, P Calculation of average annual 

runoff coefficients 

Low ratios may indicate large ET withdrawals from the dominant 

flowpaths in the catchment and/or storage in inactive groundwater 

SW - surface water, P - precipitation, GW groundwater, ET evapotranspiration 
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The timing of streamflow peaks after rainfall events was used to infer lengths of flowpaths. To 

determine aquifer-channel connectivity, river water levels and water tables at sites close to each 

other were plotted together to determine when and where groundwater levels were above or 

below surface water levels and river thalweg elevation. When the water table is above the river 

channel thalweg, the stream may be gaining from the groundwater storage. If the water table is 

below the thalweg, then the channel may be losing water to groundwater (Banks et al., 2011). 

However, other factors may also be at play, i.e. water from a river that goes into the bed and 

banks may also be used quickly by riparian vegetation and may never make it to the 

groundwater table or lost from very high evaporation off the water surface and wetlands at 

certain times. When the groundwater level is above the channel bed level, it is not always 

guaranteed that there will be groundwater inflow into the channel. However, the Kromme 

floodplain alluvial material is mostly sandy, coarse material therefore, the assumption is that 

when the groundwater level in the alluvial aquifer is above the channel elevation (m.a.s.l.) it is 

likely that the alluvial aquifer will be discharging into the river.  

 

For deep groundwater levels, the connection with surface water is not always easy to determine. 

When there is no direct physical contact between the channel and the bedrock layer being 

measured, there can still be an indirect connection. Groundwater from the bedrock aquifer 

would either have to come out in a spring and flow on the surface to the main channel and/or 

could recharge the alluvial aquifer, if they are connected, which could then discharge into the 

river. The relative elevations of the water table at different sites in this study are being used to 

point out what is possible. Multiple observations such as the texture of the material, timing and 

magnitude of rise are used to support process conceptualization. 

 

Changes in floodplain shallow and deep groundwater levels in response to rainfall, as well as the 

lag times for peaks, were also analysed. After a rainfall event, if there was no change in 

groundwater levels, this would indicate that either there might not have been any significant 

recharge because the event was too small or the soil was too dry. If there was a change, then 

recharge could be attributed to quick and shorter surface and/or subsurface flowpaths. Longer 

lag times are a result of travel times, linked to flowpath length and subsurface material 

properties. The magnitudes of water level change can also be influenced by ET. Much of the 

Kromme floodplain is dominated by invasive tree species, particularly black wattle (Acacia 

mearnsii), which has higher water use than indigenous vegetation therefore, high rates of ET 

were expected (Doody et al., 2011; Le Maitre et al., 2015).  
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4.5 RESULTS 

4.5.1 Rainfall  

Mean annual rainfall in the Kromme catchment is approximately 600 mm/year; however there 

was high inter-annual variability, with annual values ranging from 300 to 1200 mm/year 

between 1960 and 2019 (Figure 4.2b). There are no strongly defined wet and dry seasons, 

therefore rainfall events occur any time of the year (Figure 4.2a). The long-term average shows 

more rainfall in spring (August to October) and the least rainfall in summer (Figure 4.2c) (Nsor 

and Gambiza, 2013), however individual years show significant variation from this pattern 

(Figure 4.2c). 

 

Figure 4. 2: Variations in long term (a) daily, (b) annual and (c) average monthly rainfall 

http://etd.uwc.ac.za/ 
 



42 
 

Data collection took place during the most severe drought in over 50 years. The year 1973 was 

the driest in the record whilst 2016 was second driest (Figure 4.2b). Typical lengths of dry spells 

in the analysed long term record (1960-2019) were on average 20 days. Exceptional dry spells 

were recorded in June and July 2000 (44 days), June and July 2019 (41 days), and February to 

March 2012 (35 days). Dry spells were often experienced in winter (June and July) and summer 

(particularly in December). Exceptional rainfall events were experienced in August 2006, March 

2007 and September 2018 characterised by daily rainfall amounts of 182, 140 and 87 mm 

respectively (Figure 4.2a). During the monitoring period (April 2017 and December 2019), the 

largest daily rainfall events observed were in September 2017 (34 mm/day), September 2018 (88 

mm and 46 mm/day consecutively), November 2018 (19 mm/day), and November 2019 (53 

mm/day).  

A comparison of monthly rainfall during the study period with the long-term mean monthly 

rainfall (Figure 4.2c) shows that the long term mean monthly rainfall is higher than monthly 

rainfall between 2017 and 2019 except for a few months i.e. August 2017 and September 2018. 

Based on this comparison, it shows that the catchment was monitored during a relatively dry 

period. During the monitoring period (2017-2019), the year 2018 was the wettest (555 mm/year) 

whilst 2017 was the driest of the three years (450 mm/year).  

 

4.5.2 Evapotranspiration 

Estimated monthly PET rates for the Kromme catchment are shown in Figure 4.3 below.  

  
Figure 4. 3: Variation between estimated short and long term PET averages. Green bars show 

average PET during the monitoring period whilst orange shows the long term average. 

 

A comparison of monthly reference potential evapotranspiration rates during the study period 

(2017-2019) with the long-term monthly averages (1960-2019) shows that evapotranspiration 

demand during the study period was generally higher than the long-term averages(Figure 4. 3).  
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4.5.3 A comparison of flow characteristics observed across sites in the catchment 

4.5.3.1 A generalized description of variation of flows over time  

The catchment was monitored during a relatively dry period with most (98%) of the mean daily 

flows below 1 m3/s (Figures 4.4). The catchment was very dry during the lead up period before 

April 2017, when monitoring began; the soil moisture and alluvial groundwater storage was 

depleted, therefore received precipitation inputs replenished the storage and some were lost to 

evapotranspiration. The streamflow responses to rainfall events in April-August 2017 were lower 

than they were later on in the observation period (Figures 4.4). The observed discharge during 

the monitoring period (April 2017 to December 2019) was characterized by long periods of low 

flows and a few short wet periods (Figure 4.4). There was a general decline in water levels as well 

as flow volumes from April to August 2017 and from June to August 2018 as well as between 

September and December 2019 (Figure 4.4). However, Willowvale (lower part of the catchment) 

responded to some of the events during the dry period from September to December 2019 

(Figure 4.4).  

 
Figure 4.4: Monitored streamflow locations including the main river (Willowvale and 

Hudsonvale) and tributaries (Witels and HVPK). Witels record ends in August 2018. 

 

Assessments of surface hydrographs for the monitored sites in the catchment show various 

response patterns to precipitation inputs (Figure 4.4). Observed streamflow showed fast 

responses to storms >10 mm/day, with relatively less pronounced responses to light or moderate 

rainfall <5 mm/day. The catchment seldom responded to precipitation inputs of less than 5 

mm/day unless there were a series of cumulative events before. Approximately 25 rainfall events 
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of more than 10 mm/day were recorded during the monitoring period of which 15 of them 

coincided with discernible peak flow responses. Some of the major events observed were in 

November 2017 (31 mm/day), September 2018 (87 mm/day and 46 mm/day consecutively) and 

November 2019 (53 mm/day). The largest event that did not coincide with a streamflow peak 

during the observation period was 16 mm/day (3 May 2017) indicating the effects of interception 

and soil storage on streamflow during dry periods when storages are depleted. The extreme 

storm event, on the 7th and 8th of September 2018, resulted in a peak daily flow (108 m3/s) at the 

Willowvale site downstream. Sometimes large events that followed a long dry period yielded 

relatively low runoff response i.e. 16 July 2017 rainfall event of 21 mm/day after 64 consecutive 

days (received < 1 mm/day of rainfall).  

 

Overall, for most of the monitored sites, hydrographs show sharp peak and sharp recession 

curves. This could be indicative of the dominance of surface water and shallow subsurface water 

pushed through by event water. Sustained flows during long dry spells (April-August 2017 and 

June-August 2018) indicated the possibility of prolonged baseflow contributions from the 

alluvial and bedrock aquifers. Streamflow variability during low flow periods is commonly 

indicative of variability in contributing aquifer storages. 

 

4.5.3.2 An event based analysis of flow variation per site 

In 2017 when monitoring started, after storm events of 42 mm/day and 40 mm/day in 

consecutive months (16 August and 15 September 2017), Willowvale and Hudsonvale reached 

peak flows after 48 hours of each event whilst the southern tributary (Witels) reached its peak in 

24 hours. In November 2017, following the storm event of 48 mm/day on the 14th, significant 

responses were observed; Willowvale reached peak flows in 48 hours of the event and took 

approximately 21 days to recede back to pre-event flow. Streamflow at the Hudsonvale site in the 

main channel and northern tributary, HVPK, did not show notable responses to this event. The 

Witels tributary peaked a day after the event and receded to pre-event flow conditions within 14 

days. For most of 2018 there were no notable responses to most rainfall events, even storms of 

up to 27 mm/day, until the heavy storm (134 mm over two days) on the 7th and 8th of September 

2018. This event made September 2018 an exceptionally wet month in comparison to all the 

other months during the monitoring period. In response to this storm, all sites reached peak 

flows within two days of the event. Willowvale (lower catchment) had the highest peak (108 

m3/s) by the next day whilst Hudsonvale (mid-catchment) peak flow was 3 m3/s. In 2019, only 

Willowvale (lower catchment) responded with notable peaks to most rainfall events >10 mm/day 

(Figure 4.4).  
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Overall, there were notable responses from the monitoring sites along the main channel and 

peak timing was often within 24 to 48 hours after an event, implying faster flowpaths such as 

surface runoff and push-through subsurface flow dominate the hydrograph during storm peak 

flow and recede to low flow conditions, where the streamflow was sustained by baseflow. 

Prolonged elevated flows after events, up to three weeks in some cases, indicated flow 

contributions from deeper, slower subsurface flowpaths, whilst delayed contributions within a 

few days after an event could have been from faster interflow. Sustained low flows during long 

dry spells i.e. July to September 2018 indicated prolonged baseflow contributions from the 

alluvial and bedrock aquifers. Streamflow variability during low flow periods was indicative of 

variability in contributing aquifer storages.  

 

4.5.3.3 Monthly runoff variation per site 

Monthly variation in runoff at all flow monitoring sites is shown in Figure 4.5. The catchment 

was monitored during a relatively dry period with most monthly flows below 12 mm/month. A 

comparison of monthly runoff at main river sites shows higher runoff per unit area at 

Hudsonvale site (midcatchment) compared to Willowvale site (lower catchment) overall (Figure 

4.5a) than tributaries (Figure 4.5b). High runoff would be expected at Willowvale due to a larger 

contributing area (352 km2). The average monthly runoff per unit area at Hudsonvale was 4.66 

mm/month and 4.16 mm/month at Willowvale main river sites (2017-2019 monitoring period). 

The comparison of runoff per unit area for all sites monitored shows that on average the HVPK 

tributary, which had the smallest catchment area (3 km2), produced more runoff per unit area 

than other sites. Flow at HVPK was less rainfall dependent and had more steady baseflow 

compared to the other sites. One explanation based on field observations could be constant 

contributions from the bedrock aquifer which does not pass a major alluvial deposit or a 

floodplain that could absorb it in that small catchment. Seeps discharging into tributaries were 

observed even during the drought in 2016 (scoping trips) and 2017 (when monitoring 

commenced). The average monthly runoff for tributaries Witels and HVPK were 6.04 

mm/month and 10.6 mm/month respectively during the 2017-2019 monitoring period.  

Overall, by the end of 2019, high runoff was recorded at HVPK (149 mm/month) (Figure 4.5b). 
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Figure 4.5: Monthly spatial rainfall and runoff observed at main channel (a) and tributary (b) 

sites. The record for Witels stopped in August 2018 as the level logger was lost during a flood. 

 

4.5.4 Comparison of runoff coefficients across main channel sites and tributaries 

  

Runoff coefficients (Table 4.3) were estimated to indicate the proportion of rainfall that was not 

lost to evapotranspiration or groundwater storage. The coefficients gave useful insights into 

patterns of runoff production in the catchment (Figure 4.6). A comparison across all monitored 

sites over the monitoring period (April 2017– December 2019) shows that the north facing 

mountain tributary (HVPK) has a higher runoff coefficient (0.26) than other sites (Table 4.3). 

This is a steep rocky tributary probably receiving groundwater discharge and flows that do not 

pass through any major alluvial deposits where they can be lost to infiltration. Furthermore, due 

to steep slopes, substantial amounts of rainfall form surface runoff that would increase runoff 

coefficients even without groundwater contribution. This tributary would therefore be expected 

to respond to most events compared to flatter main river sites with floodplain buffering.  
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Table 4.3: Runoff coefficients calculated flow monitoring sites (April 2017-December 2019).  

Site Duration 

(Years) 

Area 

(km2) 

Rainfall 

(mm) 

Runoff 

(mm) 

Runoff 

Coefficient 

HVPK 

(Tributary) 

2.7 3 641.6 290.3 0.26 

Hudsonvale 

(Main River) 

2.7 152 658.5 104.3 0.09 

Willowvale 

(Main River) 

2.7 278 655.8 99.9 0.09 

 

Sites in the main valley (Hudsonvale and Willowvale), had low average runoff coefficients (0.09) 

during the monitoring period, despite some heavy storm events received (i.e. 134 mm in 48 

hours in September 2018). The low runoff coefficients are however, not unusual for semi-arid 

catchments. The values were lower than the monitored tributaries due to steep slopes 

dominating a greater proportion of the tributary catchments which are expected to have runoff 

coefficients greater than the main channel sites that have floodplain buffers. The low coefficients 

were due to depleted storage and/or water lost to ET.  

 

 
Figure 4.6: Calculated monthly runoff coefficients for all tributaries and main river sites  

 

Overall, all sites except one tributary (HVPK) had runoff coefficients less than 10% indicating 

that over 90% of precipitation inputs received in this catchment are lost to ET and/or 

groundwater storage that is not connected to the river channel upstream of the monitored 

locations. An analysis of variation in runoff coefficients across two seasonal cycles during the 

monitored period showed no distinct seasonality (Figure 4.6), possibly because the catchment 

has no defined rainfall seasonality. However there was relatively high runoff observed in spring 

during the monitored period due to higher rainfall (Figure 4.6). 
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4.5.5 Variation in surface water flow duration at monitoring sites. 

 

Flow duration curves for the period April 2017 to December 2019 were analysed and results are 

shown in Table 4.4 and Figure 4.7. The maximum runoff recorded at main river sites was 34 

mm/day and 1.8 mm/day equalled or exceeded for 0.1% of the time at Willowvale and 

Hudsonvale respectively. The northern tributary HVPK had the highest runoff of 73 mm/day 

which was equalled or exceeded for 0.1% of the time (Table 4.4, Figure4.7). The catchment 

reaches or exceeds high flow rates for small proportions of the time as they are extreme flood 

events which rarely occur.  

 
Table 4.4: Runoff magnitudes equalled or exceeded for selected percentiles 

 Runoff (mm/day) at different frequencies of exceedance 

Site Max 5% 10% 25% 50% 75% 

Witels 51 0.25 0.12 0.02   

HVPK 73 0.31 0.27 0.25 0.21 0.2 

Hudsonvale 1.8 0.44 0.39 0.3 0.12 0.006 

Willowvale 34 0.37 0.22 0.11 0.03 0.008 

 

 
Figure 4.7: Flow duration curves for the period April 2017 to December 2019 for main channel 

(Willowvale and Hudsonvale) and tributaries (Witels and HVPK). 

 

The runoff equalled or exceeded at 50% of the time was highest at HVPK (0.21 mm/day). Low 

flows were between 60-100% exceedance (Figure 4.7) showing that baseflows sustain river flows 

in this catchment. The shapes of the flow duration curves show high flows (flash floods) that last 

for short time durations (sharp/steep curve). Runoff curves for Willowvale and HVPK imply 
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perennial channels shown by 100% flow duration (Figure 4.7). The curves for Hudsonvale and 

Witels sites imply ephemeral flows (Figure 4.7). Overall, the flow duration curves are plotting at 

low flow values (below 0.5 mm/day for 95% exceedance) implying a relatively dry period in 

which case the catchment was sustained by base flows for the most part.  

 

4.5.6 Flow recession analysis and baseflow estimation for observed flow  

4.5.6.1 Flow recession analysis 

Recession patterns characterized from streamflow time-series data to infer the dominance of 

drainage originating from different storages and flowpaths are shown in Figure 4.8. River stage 

and flow were measured at four sites in the catchment. The recession patterns and constants 

gave an idea of the different storages contributing to flow in the main channel and tributaries. 

Observed recession constants from the full record ranged from 0.7 to 0.9 (Figure 4.8). Witels 

had the lowest constant, however the record for Witels tributary was also short due to loss of the 

measuring pressure transducer at this site during a flood. Hudsonvale site in the main river had 

the highest recession constant whilst Willowvale and HVPK (main channel and tributary 

respectively) differed slightly.  

 

 
Figure 4. 8: Variation of recession patterns for the period April 2017 to December 2019. 
 

Recession patterns from selected events from the observed streamflow record were analysed 

individually to check for differences in degree of linearity for the various rainfall events. The 

analyses of individual recession event degree of linearity were done for each site (Appendix 
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Figure A4.1). Different degrees of linearity of recession events indicated that delayed flows were 

likely coming from different storages with different drainage rates.  

 

The degrees of linearity and slopes of the different recession events, per site (Appendix Figure 

A4.1) gave insights into the different likely storages contributing to baseflow per site. Observed 

relationships between Q (t+1) and Q (t) for the selected events showed different slopes and 

degrees of linearity for the analysed recession events (n=12) for Hudsonvale (midcatchment) 

and Witels (tributary). Willowvale (lower catchment) and HVPK (tributary), showed relatively 

similar recession shapes for all the recession events analysed which implies constant flow 

contributions and storage-outflow relationships. Storage-outflow relationships from the 12 

events analysed differed due to event size, storage size, antecedent conditions and ET.  

 

 

4.5.6.2 Baseflow estimation for observed flow 

The baseflow estimate produced by applying the digital filter algorithm (Eckhardt, 2005) for the 

amount of flow reaching the catchment outlet via quick and slow pathways, is shown in Figure 

4.9 for the HVPK (tributary) and Willowvale (main channel) sites.  

 

Drought conditions over most of the monitoring period (from April to August 2017 and June to 

August 2018 as well as September to December 2019), meant that the short flow peaks from the 

few storms that occurred made up the bulk of the total flow. Since the Kromme catchment was 

monitored during a very dry period, baseflow sustained streamflow most of the time at both 

tributary and main river sites (Figure 4.9). During the period from April 2017 to December 2019, 

more than 60% of the total flow was baseflow which contributed more of the total flow than 

quickflow at both sites. 
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Figure 4.9: Observed streamflow and estimated baseflow at (a) Willowvale (main channel) and 

(b) HVPK (tributary) sites from April 2017 to December 2019. 

 

To check if the baseflow portion, as separated using the Eckhardt (2005) two parameter 

numerical filter was showing a reasonable pattern in terms of peaks and recessions, the observed 

groundwater water levels in the floodplain alluvial aquifer were plotted together with the 

estimated baseflow time series (Figure 4.10). The estimated baseflow shows relatively similar 

patterns to the observed shallow groundwater time-series pattern. Unfortunately, due to 

equipment malfunction, there is no data for year 2017; however, the patterns are comparable to 

a certain extent between the estimated baseflow and the groundwater levels alluvial aquifer from 

the period when data was available.  
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Figure 4.10: A comparison of patterns between estimated baseflow and observed groundwater 

level patterns at Willowvale site. Units are omitted as graph is comparing patterns only. 

 

BFI values for Willowvale (lower catchment main river site) and HVPK (tributary) for different 

periods are shown in Table 4.5. BFI gave indications of groundwater discharge to rivers. From 

April 2017 to December 2019 baseflow sustained flows at Willowvale for approximately 50% of 

the time whilst at the tributary HVPK, baseflow contributions were higher (73%) than the main 

channel. The years 2017 and 2019 were relatively dry during the monitoring period, therefore 

baseflow proportions were high (55% and 95% for main river and tributary sites respectively). 

Groundwater discharge to the river plays an important part sustaining flows in this catchment. 

 

Table 4. 5: Calculated BFI values for monitored sites 

Site Date/Year total flow (m3/s) baseflow (m3/s) BFI  

Willowvale 

2017-2019 441.51 213.16 0.48 

2017 50.96 28.00 0.55 

2018 264.69 115.99 0.44 

2019 125.83 69.14 0.55 

HVPK 

2017-2019 12.14 8.87 0.73 

2017 2.21 2.10 0.95 

2018 7.68 4.63 0.60 

2019 2.25 2.14 0.95 

 

4.5.7 Temporal variation in floodplain surface and groundwater linkages  

Data on paired surface and groundwater levels (m.a.s.l.) at adjacent sites were compared to 

determine possible linkages between the floodplain alluvial aquifer and streamflow (Figures 4.11 

to 4.16). Observed responses of the water table in the alluvial aquifer varied with location, 
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season, antecedent moisture conditions, and the magnitudes of rainfall events. Results will be 

presented per site (in order from upper to lower parts of the catchment). 

 

4.5.7.1 Temporal variation in groundwater and surface water levels at upper 

  catchment sites, Kromdraai and Kompanjiesdrift 

Streamflow characteristics and groundwater levels at one of the upper catchment sites (Figure 

4.11) were monitored courtesy of Smith and Tanner (2019).  

 

 
Figure 4.11: Variation in surface and subsurface water levels (m.a.s.l) at an upper catchment 

site. KD BH and KG RV represent the Kromdraai borehole and the Kromme River at 

Krugersland. Google earth image 2020 CNES/Airbus (Maxar Technologies, AfriGIS Pvt Ltd). 

 

The water table for borehole (KD BH) at the Kromdrai site (KD) was lower than the adjacent 

river thalweg for all readings (Figure 4.11). This borehole is in Bokkeveld shale bedrock, which 
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may not be connected to the alluvial aquifer. Water stage at this site (Kromdraai) was not 

continuously monitored however, the channel had flow throughout the monitoring period. 

Although the water table in the borehole was lower than the adjacent river thalweg, it was 

difficult to ascertain if the river system was losing to groundwater due to the absence of shallow 

subsurface water level monitoring in the floodplain alluvial aquifer at this location.  

 

The Kromme River at Krugersland (KG) where the Kompanjiesdrieft (KP) wetland starts (Figure 

4.11) showed notable responses in channel stage only after rainfall events over 10 mm/day 

(Figure 4.11). Some of the observed responses to rainfall events were up to 0.6 m increase in 

river stage after an event. The river flow monitoring site (KG RV) is just after the confluence of 

the Kromme River and a tributary (Figure 4.11), therefore surface flows from the tributary 

contributes to river flows at this site.  

 

Shallow groundwater levels (depths <4 m monitored in piezometers) in the upper catchment 

were monitored at Kompanjiesdrift (Figure 4.12). Piezometers at this site were installed adjacent 

to the river and close to a gabion weir which is downstream of a palmiet wetland (Figure 4.12). 

The highest water table was observed at KP PZA and KP PZB in February 2018 (Figure 4.12). KP 

PZA and KP PZB were the furthest piezometers from the main channel moving upslope 

(approximately 50 m), however, the high water table could have been due to their location in a 

ditch therefore, storm water may have accumulated in the ditch resulting in increased 

infiltration replenishing alluvial aquifer storage. KP PZA has one observation because a stone 

was inserted into the piezometer. Overall, the water table elevation at KP PZE (adjacent to 

channel) was on average, higher than the water table elevations at all the other piezometers, 

including KP PZD and KP PZH, even though they were all located closer to the channel than the 

rest of the piezometers (Figure 4.12).  

The water table at piezometers KPZ E, G and H did not drop below piezometer bottom levels 

(3.1, 2.5 and 1.9 m respectively) during the dry period. The water table remained within 0-2 m of 

the ground surface at these points probably maintained by subsurface flows from the wetland.  

 

Other piezometers KP PZD, KP PZF and KP PZI were dry during all field visits. Due to the 

absence of continuous time series recording instruments at this site, it is therefore difficult to 

ascertain if the water table never rose to piezometer depths in these piezometers. Piezometer KP 

PZ D was among the deepest piezometers at this site (3.2 m) and located less than 10 m from the 

channel, however the water table was below 3.2 m during all field campaigns. There were also 

potential flows from the mountain bedrock via the tributary into the alluvial aquifer that would 

influence the alluvial aquifer groundwater levels.  
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Figure 4.12: Water table responses to rainfall at the gabion site. KP PZ A-H are all piezometers 

monitored at Kompanjiesdrift site (monitored manually). Google earth image Airbus (2020 

CNES/AfriGIS Pvt Ltd). 
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4.5.7.2 Temporal variation in water table responses to rainfall at the  

  mid-catchment site, Jagerbos 

Groundwater was monitored at two boreholes at Jagerbos (Figure 4.13). Both boreholes were not 

being used for water supply at the time of sampling therefore changes in water levels were all 

assumed to be due to natural processes.  

 

 
Figure 4.13: Deep groundwater level dynamics in response to rainfall and PET. Airbus Google 

earth image (2020 CNES/AfriGIS Pvt Ltd). JBHU and JBHL are upper and lower boreholes 

respectively. (JBHU) is located at the mouth of the narrow incised valley of a tributary while the 

lower (JBHL) borehole is in the main valley floodplain. 
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The two boreholes are approximately 300 m apart and drilled in different geological materials. 

The upper borehole (297 m.a.s.l) is in the quartzitic sandstone of the Nardouw group (~30 m 

deep) whilst the lower borehole (286 m.a.s.l. at least 100 m deep) is likely in the feldspathic 

layers of the Nardouw which underlie the main valley alluvial deposit. The water table at the 

upper borehole (JBHU) fluctuated between 7 and 8 m below ground and between 4 and 5 m at 

the lower borehole (JBHL) (Figure 4.13). 

 

The water table at both boreholes maintained steady levels throughout the monitoring period 

only showing notable response to events greater than 10 mm/day at JBHU and greater than 20 

mm/day at JBHL (Figure 4.13). Following the occurrence of 134 mm of rainfall in 2 days on the 

7th and 8th September 2018, the water table at the lower borehole (JBHL) responded within 24 

hours of the event and increased by 100 mm and then by 200 mm the following day. At the upper 

borehole (JBHU), the water table rose on the second day of the storm, rising by 440 mm and by 

260 mm on the 3rd day. Although there were minor differences in their peak timings, the 

responses to this storm event showed quick responses to precipitation inputs implying direct 

recharge of the mountain bedrock aquifer. In general the upper borehole had relatively small 

sharp peaks (i.e. 11 mm rise in water level on 14 July 2018 and 25 mm on 20 November 2018) 

compared to the lower borehole that had steady increments (Figure 4.13). Due to the location of 

JBHU (upslope and adjacent to a tributary), the borehole gained subsurface water from the 

quartzitic sandstone of the Nardouw group and probably contributions from quartzitic 

sandstones of the Peninsula group higher up the catchment. The lower JBHL is located in the 

floodplain, where it could have been getting constant contributions therefore water levels rose 

slowly and stayed elevated. Groundwater from the alluvial aquifer could have been interacting 

with groundwater from the bedrock aquifer surrounding and beneath it.  

 

4.5.7.3 Temporal variation in surface and subsurface water levels at the mid 

  catchment site, Hudsonvale 

Figure 4.14 shows water levels in the main river at HV (midcatchment) and two tributaries 

discharging into the river at this site: HVPK tributary originates from the Suuranys Mountains 

on the north side of the main valley while the Witels comes from the Tsitsikamma in the south. 

HVPK shows relatively constant water levels which indicate a steady supply of water. Witels is 

highly responsive to most events (Figure 4.14), however the record stops in 08-2018 as the 

instrument was lost in a flood. The main channel is highly responsive as expected due to the size 

of its contributing area as well as the alluvial storage it drains from. Most of the tributaries are 

perennial and mountain streams and seeps were observed even during the drought in 2016 

(scoping trips) and 2017 (when monitoring commenced). Seeps discharging into tributaries and 

wetlands were observed on the high plateaus in both the two mountains suggesting that surface 

flow in these tributaries was recharged by groundwater from the bedrock aquifer.  
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Figure 4.14: Temporal variations of surface water responses to rainfall from 2017 to 2019. 

 

Variations of rainfall, water table and river levels at Hudsonvale from Sept 2017 to Dec 2019 are 

shown in Figure 4.15. Along the main river at Hudsonvale (Figure 4.15), the water table of the 

alluvial aquifer was consistently above the river stage suggesting that the river was gaining at this 

reach. The catchment was relatively dry when monitoring began (April 2017), but the water table 

increased steadily in response to several rainfall events less than<10 mm/day. The water table at 

PM PZ1 and PM PZ2 located inside the wetland increased significantly after receiving a 

cumulative rainfall of 172 mm during the period from May to July 2017, then remained relatively 

constant. After this initial level rise, there was no decline in the water table (Figure 4.15) which 
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suggests that there was continued recharge of groundwater or no ET losses, unlike GS PZ3 and 

GS PZ4 that showed declines after events due to storage depletion in the alluvial aquifer.  

 

 
Figure 4.15: Variations of rainfall, water table and river levels at Hudsonvale from Sept 2017 to 

Dec 2019 (middle part of the catchment). GS and PM represent piezometers in sites dominated 

by grass and palmiet respectively. Airbus Google earth image (2020 CNES/AfriGIS Pvt Ltd) 
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Due to fine, organic soils, subsurface flow out of the wetland was likely slower (PM PZ1 and PM 

PZ2) than other parts of the alluvial aquifer (GS PZ3 and GS PZ4).  

The palmiet slows surface flows coming in along the main channel and promotes recharge. The 

wetland at this site receives water flowing down the main channel as well as inflow from the 

alluvial aquifer on the sides depending on the slope of the water table. Similar observations to 

the upper wetland (shown in Figure 4.12) are also observed at this site where subsurface flow 

from the tributary catchment comes through the alluvial fan and recharges the floodplain 

alluvial aquifer resulting in a groundwater gradient towards the wetland.  

 

4.5.7.4 Temporal variation in surface and subsurface water levels at the 

  lower catchment site, Willowvale site from 2017-2019. 

Water levels (in m.a.s.l) for adjacent river and the alluvial aquifer at Willowvale site were plotted 

together (Figure 4.16) to determine when the water table was above or below the river thalweg or 

river water level. Since monitoring commenced at the Willowvale site, water table responses 

were observed at the grass and palmiet dominated areas, while piezometers in the wattle site 

remained dry for most of the monitoring period (water table was below the depth of installed 

piezometers). Following the September 2018 rain event, the water table rose sharply at all 

locations (grass, palmiet, and wattle) as well as the stream levels (Figure 4.16). Peaks were 

within hours to a day of effective rainfall.  

 

The Kromme River has perennial flow at this site and the water table at the grassland and 

palmiet sites was generally above adjacent river thalweg (Figure 4.16). However, in some cases, 

the water table dropped below piezometer depths, particularly during extended dry periods 

(from April to August 2017 and June to August 2018 as well as between September to December 

2019). Data gaps at groundwater sites (Figure 4.16) indicate that the water table was below the 

piezometer depth except at PM PZ 4 where automated data collection only began in May-2018 

(Figure 4.16). 

 

The water table at the grassland area which was monitored at GS PZ7 piezometer was always 

above the river bed, which suggests that groundwater had the potential to discharge into the 

river at this site (Figure 4.16). At the other grassland site, GS PZ 6 (Figure 4.16), the water table 

rarely responded to rainfall events (maximum of 50 mm rise observed) with water levels 

dropping below the piezometer depth during dry periods. The water table monitored at PM PZ4 

inside the palmiet wetland showed quick responses to rainfall events. Water levels never 

dropped below the piezometer depth at this site. The water table monitored at piezometers 

located downstream of the surface water monitoring site, (WT PZ1 and WT PZ3) remained below 

piezometers depths (up to 3 m below the surface) except for a brief period following the 7 and 8 
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September 2018 flood event (134 mm) (Figure 4.16). The water table was lowest at WT PZ1 and 

WT PZ3 located inside a dense wattle stand. 

Figure 4.16: Responses of river flows and the water table to rainfall events at the Willowvale 

site (WV). WT, PM and GS represent piezometers in wattle, palmiet (manual and automated 

observations) and grass locations. Airbus Google earth image (2020 CNES/AfriGIS Pvt Ltd). 
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A summary of results from the hydrometric observations in this chapter is given in Table 4.6. Results are given for different scales monitored.  

 

Table 4. 6: Summary of observed results in the Kromme catchment from 2017-2019 

Scale Flowpath/process Analyses  Results and Interpretation 

Tributary 
Groundwater flow 

contribution into tributaries 

Seeps were observed in 

tributary valleys and wetlands 

even during the drought  

Most tributaries observed had perennial flow from contributions 

from the bedrock aquifer through seeps. 

 

Alluvial 

aquifer/River 

Water exchange between the 

floodplain alluvial aquifer and 

the main channel 

Comparison of floodplain 

Groundwater elevation vs. 

river thalweg elevation  

Alluvial aquifer groundwater elevation was consistently above 

river thalweg at most monitored river reaches in the floodplain 

showing that alluvial aquifer groundwater discharges into the 

main channel, even during dry periods.  

Bedrock 

aquifer 
Deep groundwater recharge 

Groundwater level change 

after a rainfall event 

Groundwater levels increased notably indicating local recharge 

through direct infiltration, percolation and flow to the site after 

storm events (i.e 25 mm/day in November 2018, 46 mm/day and 

87 mm/day in September 2018).  

 

Alluvial 

aquifer 

Shallow groundwater 

recharge 

Groundwater level peak 

timing after storm events at 

different locations  

Dominance of recharge was indicated by minimal peak delays 

after rainfall events at the different locations. 

 

Catchment 
Contributions of quick and 

slow flowpaths 

Numerical filter applied to 

hydrograph  

Relative dominance of quick (surface and fast shallow 

subsurface) and slow subsurface flowpaths. Baseflow was highly 

variable in some tributaries and main river sites indicating 

variable aquifer storage.  

Catchment 
Runoff vs precipitation 

received 

Calculated average annual 

runoff coefficients 

Low ratios (0.07-0.09) indicated large ET withdrawals from the 

dominant flowpaths in the catchment and/or storage in inactive 

groundwater 

Catchment Flow recession after peak  
Recession analysis (constant 

value) per site  

High recession constants (0.7-0.9) at all sites indicated the 

dominance of fast interflow and/or floodplain drainage during 

event recession periods 
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4.6 DISCUSSION 

Analyses of streamflow and groundwater data revealed response patterns to precipitation inputs 

indicative of various flowpaths such as flow from alluvial aquifer into the main channel and 

bedrock discharge into tributaries. This was used to guide the development of a conceptual 

model for the Kromme catchment (Figure 4.17). The hydrometric data showed linkages between 

the river, TMG groundwater, and the floodplain alluvial aquifer. The results indicated that 

groundwater from bedrock aquifers discharged into tributaries which in turn recharged the 

floodplain aquifer. Surface flows from mountains also discharged into tributaries and infiltrated 

into alluvial deposits in tributaries and on the floodplain. Surface and subsurface flows from 

perennial tributaries were important in recharging the floodplain alluvial aquifer as well as 

maintaining channel flows and supporting floodplain wetlands even in drought conditions. 

Tanner et al. (2019) investigated surface and groundwater interactions and reported similar 

observations in the upper Kromme. Their results showed that the wetland and river flows were 

sustained by groundwater discharge from the surrounding bedrock aquifers. Flows were 

sustained by subsurface water (both interflow and groundwater) through the alluvial fans and 

tributaries. Many of the large tributaries in the Kromme have perennial flow thereby sustaining 

river flows in the main channel. Similar flowpaths were also reported in other TMG studies 

where uplands and valleys were connected by baseflows originating higher up in the mountains 

(Glenday, 2015). 

 

After storms, infiltration in the floodplain alluvium causes push-through of soil water into the 

river. Higher up in the mountains, water also infiltrates and percolates through the soil to 

recharge the shallow fractured rock layer and possibly pushes through old water in this layer to 

the channel (where mountain streams intersect rock) and some water flow to the alluvial aquifer 

then to the channel. Similar linkages and flowpaths have also been reported in other catchments 

with similar settings in the Cape Fold Belt such as the Hex (Rosewarne, 2002) and Baviaanskloof 

(Glenday, 2015) catchments. A comparison of the Kromme catchment to the neighbouring 

Baviaanskloof catchment (Glenday, 2015) shows major differences in responses despite the two 

catchments having many similar attributes; geology, drainage patterns, narrow valleys bordered 

by steep hillslopes. However, the Baviaanskloof has a drier climate (approximately 300 

mm/year) than Kromme and its mountain tributaries do not have perennial flows, unlike those 

in the Kromme. The Baviaanskloof had a dynamic losing and gaining system (Glenday 2015); the 

Kromme River on the other hand was consistently gaining during the monitoring period despite 

the drought conditions. With reference to the channel, the depth of the floodplain water table in 

Baviaanskloof is at a lower level whilst in the Kromme the water table is relatively higher hence 

the Kromme has perennial flows in general with floodplain alluvial aquifer levels consistently 

supporting large permanent wetlands.  
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Most mountainous catchments have limited alluvial aquifers due to small floodplain areas, 

therefore the contribution of alluvial aquifers to storage and catchment outflow in mountainous 

areas is often assumed negligible (Käser and Hunkeler, 2016). The Kromme catchment has a 

sizeable floodplain with alluvial aquifers that make notable contributions to catchment storage 

and outflows. Throughout the monitoring period, the Kromme channel was gaining from the 

alluvial aquifer (water table largely above surface water level), and mountain bedrock through 

tributary flows. Other studies have reported similar results where groundwater discharge from 

TMG quartzitic sandstones plays an important role in sustaining river flows and wetlands 

(Colvin et al., 2003; Glenday, 2015; Martinez et al., 2017; Pulley et al., 2017). Seeps in the 

catchment were observed discharging into tributaries during drought, indicating consistent 

contributions from the bedrock aquifer to river flows and wetlands. The presence of wetlands 

and seeps recharged by bedrock aquifers and faster interflow in different parts of the catchment 

which were observed in the Kromme were also reported in other TMG studies (Roets et al., 

2008; Xu et al., 2002). Seeps in this catchment were formed where Peninsula or Nardouw 

formations intersects with less permeable shale layers. Peninsula seeps are perennial whilst 

Nardouw seeps have been reported to be intermittent (Xu et al., 2009). The Peninsula outcrop 

makes up the high mountains where it rains more than in the valley resulting in increased 

recharge of the bedrock aquifer. Outflows from the Peninsula occur higher up the mountains and 

flow across in tributaries to get to the main valley.  

 

Steep and rocky areas that make up much of the Kromme catchment resulted in notable flood 

peaks after high-intensity storms. Large contributions of quick flows to river flows were 

observed after heavy storms with lag times of less than 24 hours. In tributaries, a general lag of 1 

or 2 days for peak flow response after events implied surface runoff and/or push-through 

subsurface flow dominates hydrographs during storms. Runoff coefficients ranged between 0.09 

(main channel sites) to 0.26 (tributary) which were low but not unusual for semi-arid 

catchments based on results from studies in similar settings (James and Roulet, 2009; Penna et 

al., 2011; Glenday, 2015). In the main valley, average annual runoff coefficients were low 

implying large ET withdrawals from dominant flowpaths and/or storage in inactive 

groundwater. At the mid-catchment site (Hudsonvale), streamflow appeared to be recharged 

dominantly by faster flowpaths from storm events, shown in the quick peak and quick decline of 

the hydrograph, whilst further downstream (Willowvale), both fast and slow flowpaths appeared 

as key contributors to the storm response, shown in the quick peaks but slow recessions. 

Prolonged elevated flows weeks after events indicated flow contributions from deep, slow 

subsurface flowpaths whilst delayed contributions of a few days could have been from faster 

interflow. Overall, sharp hydrograph peaks indicated surface and shallow subsurface flow 

dominance in the storm response of the catchment. Antecedent soil moisture and spatial rainfall 
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controlled runoff and peak flow responses similar to results reported in other semi-arid 

catchments (James and Roulet, 2009; McGuire and McDonnell, 2010; Merz and Blöschl, 2009).  

 

Overall the catchment streamflow was estimated to be sustained by baseflow for more than 60% 

of the time. As expected, baseflow from different storages i.e. bedrock and /or alluvial aquifer 

sustains streamflow in the absence of surface flow during dry periods (Roy and Hayashi, 2007; 

Glenday, 2015). Recession patterns showed that the channel is receiving flow from different 

storages and flowpaths at different rates with maximum recession days up to 22 days indicative 

of interflow dominance and also drainage of elevated alluvial aquifer. Variability in recession 

characteristics was therefore attributed to differences in local conditions, storages and 

topographic properties (Käser and Hunkeler, 2016; Smakhtin, 2001). The study also highlighted 

the importance of mountain bedrock aquifer discharge to the water levels in the alluvial aquifer 

and outflows in the Kromme River. 

 

4.7 CONCEPTUAL MODEL 

Using patterns gathered from field data, a conceptual model of different flowpaths dominant 

during the monitoring period was developed for the Kromme Catchment (Figure 4.17). 

 

 
Figure 4.17: Proposed conceptual model showing the dominant flowpaths for the Kromme 

Catchment (Adapted from Cornelius et al., 2019). 

 

Dominant processes observed in the catchment and inferred from the data are interception by 

plants, infiltration through the shallow soils and percolation into the highly fractured bedrock to 
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recharge the bedrock aquifer. Surface runoff after storm events dominates for short periods 

before it gets lost to ET or infiltration. Surface flow from mountains potentially becomes 

tributary flow and some infiltrates into alluvial deposit in the mountain or on the floodplain 

alluvial aquifer then to the river and some of it is lost to ET along the flowpath. Groundwater 

flow from bedrock aquifer into tributaries appeared constant; seeps were observed flowing 

consistently into tributaries even during the drought. Most tributaries had water flowing 

directly into the channel but some tributaries formed alluvial fans at the toe slopes due to 

deposition of alluvial materials. Flows from these tributaries got to the main river as subsurface 

flow through the alluvial fan and alluvial aquifer. Alluvial fans in the floodplain acted as buffers 

and enabled groundwater-surface water interactions. 

 

The alluvial aquifer also received water from the bedrock aquifer and was also recharged by 

direct precipitation. Subsurface flows from the floodplain alluvial aquifer and mountain bedrock 

aquifer into the river maintained baseflows. Surface runoff was assumed minimal in the 

floodplain due to the presence of large sandy alluvial fill/storage. Infiltration and percolation to 

the alluvial aquifer raised the level of the floodplain water table resulting in increased alluvial 

aquifer flow to channel. Infiltration in the alluvium also caused push-through of old soil water 

into river after storm events. In mountains, infiltration and percolation through the thin soils 

recharged the bedrock aquifer and older water in the shallow fractured rock layer is pushed to 

the channel where mountain streams intersect the bedrock and some flows to the alluvial 

aquifer first then to the river.  

 

Conclusion 

Hydrometric methods proved invaluable in the general conceptualisation of flowpaths in this 

catchment however, there are some limitations associated with their application. The 

occurrence and/or dominance of certain responses and flowpaths were inferred by checking for 

particular patterns in the data. The conceptualised responses and flowpaths need to be 

quantified, i.e. quantifying how much groundwater from the bedrock gets to the alluvial aquifer 

and eventually to the main channel and what proportion of groundwater from the alluvial 

aquifer contributes to streamflow and how these contributions vary at a temporal scale. 

Knowledge gathered in this chapter and developments made in subsequent chapters will be 

used to make decisions about a numerical catchment model structure, calibration and selection 

of model parameter values to improve the prediction of vegetation impacts on processes.  
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CHAPTER 5: TEMPORAL VARIATIONS OF WATER TABLE AND SOIL WATER 

CONTENT UNDER A FLOODPLAIN BLACK WATTLE TREE STAND; PALMIET 

WETLAND AND GRASSLAND COVER TYPES. 

5.1 ABSTRACT 

Mountainous catchments are important freshwater sources that sustain surrounding 

ecosystems, agriculture, domestic and industrial uses. Invasions of floodplains by alien woody 

species replacing predominantly herbaceous indigenous vegetation have altered the hydrological 

and ecosystem functioning in these catchments particularly in semi-arid regions. Although 

existing studies have examined and provided evidence of changes in river flows following the 

establishment or clearing of alien woody vegetation, our understanding of impacts on soil water 

content and groundwater remains poor. As such, this work compares temporal and spatial 

variations in soil water content and groundwater levels at three locations with different 

vegetation types: invasive black wattle (Acacia mearnsii) trees, palmiet (Prionium serratum) 

wetland, and grass (dominated by Pennisetum clandestinum spp), within a floodplain site in the 

Kromme Catchment in the Eastern Cape Province of South Africa. 

 

Soil water content and shallow groundwater levels (< 4m below ground) were monitored from 

August 2017 to December 2019 using soil moisture probes and piezometers. Rainfall, vegetation 

type and antecedent conditions were identified as the major factors controlling variations in soil 

water content and water table fluctuations. On average, soil water content and water retention 

were significantly higher (p<0.05) at the palmiet site, whilst the wattle site had the lowest 

among the three sites. Across all sites, shallow soils at 0-20 cm had significant responses to light 

and medium rainfall events (5-20 mm/day). However, soil water content responses of soils at 

50-60 cm depths were dependant on the magnitude of the event and antecedent conditions, and 

varied significantly across the three sites. At the grassland site, soils at 50-60 cm depths 

responded significantly after rainfall events of at least 30 mm/day whilst the palmiet and wattle 

sites responded after at least 25 and 11 mm/day respectively. At the wattle site, the water table 

was below the depth of installed piezometers (3 m) for more than 90% of the time, only rising to 

this depth following heavy storms greater than 40 mm/day likely due to increased transpiration 

rates by the woody alien trees. The results of this study can support ecological restoration 

programmes and contributes to the body of literature showing influences of land cover types on 

soil water content and shallow groundwater. 
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5.2 INTRODUCTION  

Water scarcity is a global phenomenon that is projected to increase particularly in arid and 

semi-arid regions. Therefore considerable efforts to improve water supply continue being made 

worldwide. Land use and land cover types, their location within a catchment and changes 

thereof are some of the factors that control and alter hydrological responses of catchments 

(Awotwi et al., 2015; Berihun et al., 2019). One major issue in many countries is the 

encroachment of riparian zones by alien woody species. Some of the problematic species are 

willows (Salix spp) in Australia, salt cedar (Tamarix spp) in America, and the black wattle 

(Acacia mearnsii) in South Africa (Doody et al., 2011; Huxman et al., 2005; Rebelo et al., 2015). 

Woody trees typically use more water than herbaceous plants and seasonally dormant grasses 

(Calder and Dye, 2001). Several studies have quantified reductions in river flows from areas with 

woody alien plant invasions and/or changes in streamflow patterns after clearing (Albhaisi et al., 

2013; Doody et al., 2011; Dye and Jarmain, 2004; Galatowitsch and Richardson, 2005; Görgens 

and Van Wilgen, 2004; Huxman et al., 2005; Le Maitre et al., 2015; Warburton, 2012). Other 

studies have focused on variations in soil water conditions under different land uses and land 

cover types (She et al., 2010; W. Yang et al., 2019). However, there are limited studies 

characterizing the dynamic variations in both soil water content and groundwater levels in areas 

with contrasting vegetation types, particularly in semi-arid areas (Jacobs et al., 2013; Niu et al., 

2015) 

 

Knowledge of soil water content is important because soil water affects various ecohydrological 

processes in the soil-plant-atmosphere continuum (Hou et al., 2018; Ries et al., 2015; Xiaodong 

et al., 2013). Soil water exerts control on rainfall partitioning into infiltration, runoff and plant 

transpiration (Legates et al., 2011; J. Yang et al., 2019). It affects runoff generation as well as the 

structure and organization of vegetation. Characterizing available soil water, therefore, offers 

unique insights into soil water status, depletion and recharge (Ries et al., 2015) which are all 

essential for understanding vegetation impacts on hydrological processes.  

In South Africa, the Australian black wattle predominantly invades riparian areas where soil 

water is readily available (Dye and Jarmain, 2004) and competes aggressively with the native 

vegetation such as fynbos, palmiet and grass. Black wattle alters the catchment’s hydrological 

regime and ecosystem function by increasing rates of transpiration resulting in lowering of water 

table and recharge rates leading to reductions in stream flows (Dye and Jarmain, 2004; 

Galatowitsch and Richardson, 2005; Görgens and Van Wilgen, 2004; Le Maitre et al., 1999). 

Previous work has shown considerably higher water use by Acacia species invasions compared to 
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the indigenous fynbos, grass and palmiet they often replace, particularly in riparian zones (Dye 

and Jarmain, 2004; Le Maitre et al., 2015; Rebelo et al., 2015). Black wattle has shallow lateral 

roots (Le Maitre et al., 2015), but can also grow long tap roots depending on availability of soil 

water (Clulow et al., 2011). Field measurements and estimates of transpiration rates for black 

wattle ranges from 740-1500 mm/year (Clulow et al., 2011; Dye and Jarmain, 2004; Meijninger 

and Jarmain, 2014), 600-900 mm/year for grassland (Calder and Dye, 2001; Dye and Jarmain, 

2004), 600-950 mm/year for fynbos(Calder and Dye, 2001) , and 695 mm/year for palmiet 

(Rebelo, 2012). Clearing of alien woody species has been observed to increase groundwater 

recharge and river flows (Albhaisi et al., 2013; Moyo et al., 2009; Scanlon et al., 2005). Schilling 

(2009), in the USA, found that the water table rose higher in areas with grass compared to areas 

with woody tree species following rainfall events indicating the variability of riparian water 

depths under different vegetation types.  

 

It is important to investigate the impacts of black wattle on soil water dynamics but there is also 

need to compare the impacts to the vegetation types it replaces. In the eastern and southern parts 

of South Arica, black wattle replaces different vegetation types including the rare palmiet plants 

(Crous et al., 2019; Railoun, 2018). Palmiet (Figure 5.1) is endemic to South Africa, often found 

in valley bottom areas (Rebelo, 2012). Palmiet is regarded as an ecosystem engineer due to its 

extensive, fibrous, and thick root system (can grow up to 2 m) that traps sediment and slows 

down the velocity of streamflow during flood events, thereby stabilizing and filling in channels 

(Rebelo et al., 2019, 2015; Sieben, 2012).  

 

Figure 5.1: Palmiet root system (a), dead palmiet under a canopy of a wattle stand (b)) 
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However, in many areas, palmiet is considered undesirable by landowners who claim that it 

clogs rivers and impedes streamflow (Boucher and Withers, 2004; Job and Ellery, 2013; Rebelo, 

2012). For this reason, palmiet wetlands are threatened by agricultural development (Rebelo et 

al., 2019), in addition to invasions by alien plants. Palmiet does not survive competition when 

invaded by woody species because of the intolerance to full shade from the dense cover (Figure 

5.1) (Boucher and Withers, 2004; Rebelo, 2012). 

 

The Working for Water Programme in South Africa has been clearing invaded alien plant species 

(IAPs) since 1995 (Galatowitsch and Richardson, 2005; McConnachie et al., 2012) to eliminate 

their adverse effects on water resources. It is already known that when transpiration rates 

increases, river levels decrease but the same cannot be assumed for soil water content and 

groundwater. Temporal variation in soil water content and groundwater responses helps to 

better understand processes leading to streamflow response. Water use of a vegetation type can 

vary considerably with its setting (soil, climate conditions, landscape position) and, therefore it 

can be difficult to compare findings for vegetation types across different individual studies. This 

study compares soil water content and groundwater across different vegetation types in a similar 

setting. The existing literature suggest that black wattle uses more water (Calder and Dye, 2001; 

Clulow et al., 2011; Dye and Jarmain, 2004; Le Maitre et al., 2015) than palmiet (Rebelo, 2012) 

and grass (Calder and Dye, 2001). However, studying palmiet vs. wattle and grass in the same 

conditions has never been done. Furthermore, monitoring of these vegetation types is being done 

in a different catchment setting and topographic position than is often done (floodplain in the 

middle of a meso-scale mountainous catchment). Given these gaps, it is hypothesized that at 

large catchment scales, such as the entire Kromme catchment, the effects of wattle expansion will 

result in decreased flow peaks and the subsequent palmiet wetland loss will result in increased 

overbank flooding as flow peaks are normally dampened and buffered by the presence of palmiet 

wetlands and large floodplains respectively. Rebelo (2012) analysed long-term estimated 

streamflow in the Kromme catchment and found evidence of change in rainfall-runoff 

relationship correlating with increased coverage of black wattle. This means that the clearing of 

black wattle could potentially result in an overall increase in catchment water yield through a 

decline in ET. This study did not do direct ET measurements but differences in soil water content 

and groundwater responses in the same setting were appropriate indicators of possible impacts 

and to make recommendations for future work.  
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This chapter assess impacts of alien woody plant invasion on soil water content and water table 

responses in areas dominated by herbaceous indigenous vegetation. Soil water content variation 

(0-60 cm) and shallow groundwater levels (up to 3 m deep) were monitored at sites with 

different vegetation types (grass, palmiet and wattle) for different rainfall events within a 

floodplain site in the Kromme catchment. The selected site is a reach of the Kromme River in the 

Eastern Cape Province of South Africa where one area has been cleared of black wattle and the 

other has not yet been cleared (Figure 5.2), providing an opportunity to investigate the impact of 

clearing invading alien woody species in riparian areas dominated by herbaceous indigenous 

vegetation.  

 

5.3 MATERIALS AND METHODS 

5.3.1 Study site: Willowvale, Kromme River  

The Kromme River catchment’s location, geology and land use description have been presented 

in Chapter 3. The work presented in this chapter is based on data collected at Willowvale, a site 

in the lower part of the Kromme catchment (Figure 5.2). Additional photos have been added on 

the figure to show the three different vegetation types at this site. 

 

The Willowvale site presented an opportunity to monitor soil water content and shallow 

groundwater across multiple vegetation types in close spatial proximity to one another. The 

Working for Water Programme cleared IAPs in riparian zones in the catchment moving from 

upstream to downstream of the Kromme River. However clearing of (IAPs) at the Willowvale 

site was not completed, with the floodplain area to the west of a road crossing having been 

cleared in 2014 and the area to the east retaining solid black wattle cover (Figure 5.2).. The site 

has invaded and uninvaded areas which therefore vary in vegetation cover: dense wattle stand, 

recovering palmiet and grassland after black wattle clearing. The different sub-sites can be 

assumed to experience similar rainfall and temperature as well as adjacent streamflow and 

groundwater inputs from the upper catchment and surrounding mountains due to their close 

proximity (approximately 150 m apart) (Figure 5.2). Furthermore, soil properties were also 

similar across the three sites; differences in soil water content between the sites can largely be 

attributed to the differences in vegetation cover.  
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Figure 5.2: Soil water content and water table logging sites across three vegetation types. 
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5.4 Monitoring and data collection procedures 

Changes in soil water content and shallow groundwater levels (<4 m) were monitored to assess 

how they vary between the invaded black wattle site and cleared sites with indigenous 

herbaceous vegetation (grass and palmiet). To monitor variation in shallow groundwater levels, 

piezometers were installed at the wattle, palmiet, and grass sites (Figure 5.2). Three piezometers 

were installed at the wattle site (1, 1.6 and 3.1 m depths) approximately 50 m apart. Two 

piezometers were installed at the palmiet site (1.1 and 2.6 m) approximately 50 m apart. At the 

grass site, two piezometers (1.9 and 3.1 m) were installed approximately 100 m apart. Table 5.1 

shows piezometer depths and elevations (m.a.s.l).  

 

Table 5.1: Piezometer depths and mean elevations above sea level 

Piezometer 

Name 

Site Piezometer 

depth (m) 

Surface elevation 

(m.a.s.l) 

Bottom elevation 

(m.a.s.l) 

WT PZ1 Wattle 3.1 179.2 176.1 

WT PZ2 Wattle 1.0 177.9 176.9 

WT PZ3 Wattle 1.6 178.2 176.6 

PM PZ4 Palmiet 2.6 180.5 177.9 

PM PZ5 Palmiet 1.11 182.1 181 

GS PZ6 Grass 2.0 181.2 179.3 

GS PZ7 Grass 3.2 181.6 178.4 

WT-Wattle, PM-Palmiet and GS-Grass 

 

The layout of piezometers was intended to give information regarding groundwater gradient 

across and down the floodplain. Two piezometers, one at the wattle site and one at the palmiet 

site, were equipped with pressure transducers (Solinst Levellogger) logging at 30-minute 

intervals. Piezometers were augured to a depth of refusal which was due to either reaching rock 

or a layer of dry, unconsolidated sand (repeated collapsing of soil inside the augured hole). 

Water levels in the river at a site between the palmiet and wattle monitoring points were also 

measured using a Solinst Levellogger logging at 30-minute intervals to compare variations 

between the groundwater and surface water levels. Herein, shallow groundwater refers to 

subsurface water monitored in piezometers (<4 m) whilst deep groundwater refers to bedrock 

subsurface water monitored from boreholes.  
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To investigate changes in soil water content, capacitance probes (DFM Technologies), were used 

which measure soil water content as percent saturation. The probes were installed 2 m away 

from piezometers in the wattle, palmiet and grass sites (Figure 5.3). The probes have six sensors 

at 100 mm intervals to a depth of 600 mm. Soil samples were collected at each horizon where 

piezometers were installed for texture and particle size analysis using the sedimentation 

method. Soil samples were collected for texture analyses by layer according to their stratigraphy 

when there were any marked changes, i.e. colour and texture, down the profile.  

 

A tipping bucket rain gauge calibrated to 0.2 mm was installed in the floodplain, approximately 

100 m from the grass piezometer, for the measurement of event-based rainfall. Temperature 

was recorded hourly by a HOBO temperature-event logger at the rain gauge. The monitoring of 

soil water content and water table responses was done from August 2017 to December 2019. 

Field visits were made every 2-3 months to download data and manual sampling.  

 

 
Figure 5.3: Soil probe (green circle) and piezometer (pink circle) installed at the wattle site to 

measure subsurface soil water content and the level of the water table. 
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5.5 Data Analysis 

Rainfall events were classified and assessed according to sizes presented in Table 5.2. 

 

Table 5.2: Rainfall event size classification 

Class Event size (mm/day) 

Light i<9.99 

Moderate 10<i<19.99 

Heavy 20<i<39.99 

Very heavy  i>40 

 

To assess the variability in soil water content and water table responses across sites with 

different vegetation cover types, a systematic analysis of the soil water content and groundwater 

level time-series data was performed (Table 5.3). Soil water content (SWC) responses at each 

depth were calculated using Equation 5.1 

𝛥𝑆𝑊𝐶𝑑,𝑡 = 𝑆𝑊𝐶𝑑,𝑡 − 𝑆𝑊𝐶𝑑,𝑡−1       (5.1) 

ΔSWCd,t is soil water content in percent saturation at depth d, for timestep t. 

A SWC response in this work is a 10% increase in soil water content over a 24 hour period. Daily 

and hourly time steps were used for analyses to better understand the field processes. All 

increments of change described in the results are given as magnitude changes in units of % of 

saturation (because soil probes used record soil water content change in % of saturation), rather 

than proportional changes (% change vs. previous value). For analyses of responses to rainfall 

events over short time periods (<48 hours), an event was defined from when it started raining 

e.g. if it rained from 10 pm to 3 am, this was not regarded as two events because it was spread 

over two calendar days but as one event because the rainfall event was continuous. Calendar 

days were used for analyses of responses to events over long time periods (weeks, months, and 

seasons). 

 

Large events in which the river flooded the monitoring points could be identified from the 

piezometer pressure transducer water level logs and this additional input was considered when 

interpreting the SWC responses. 
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To get insights on water retention with depth, exceedance probability percentages were 

calculated for each observed depth across the three sites to show the amount of time in which 

soil water content values were equalled or exceeded. To infer on the relative wetness of the area 

prior to an event, the antecedent precipitation index (API) was calculated using Equation 5.2. 

 

𝐴𝑃𝐼𝑡 = ∑ Pt−ik
id

i=1
         (5.2) 

 

Where APIt is the API value on day t, d is the number of antecedent days considered, Pt-i is the 

rainfall amount on day t-i where i ranges from 1 to d, and k is a decay factor. A value of 0.9 was 

used as the decay factor selected from the range of 0.8 to 0.98 proposed by Hong et al. (2007). 

 

Descriptive statistics were used to provide a quantitative summary of soil water content at the 

three sites. Analysis of variance (ANOVA) was used to test the influence of different vegetation 

types on mean soil water content (averaged over the 60 cm depth) over the sampled period, 

applying a threshold of p< 0.05 to determine statistical significance). T-tests were performed to 

check for differences between means for vegetation type site pairs.  

 

Mean values of all data for each season during the monitoring period calculated for each site 

(grass, palmiet and wattle). Seasons were split into: Summer (December, January and February), 

Autumn (March, April and May), Winter (June, July and August) and Spring (September, 

October and November). 

 

Table 5.3 summarises additional data analyses performed on the soil water content and 

groundwater level data across the sites. Analyses included checking soil water content increase 

and drainage as well as shallow groundwater level changes at the different sites. Water retention 

within soils after rainfall events of varying intensities was also analysed for the three sites. Other 

analyses as summarised in Table 5.3 were also performed to indicate the occurrence of particular 

processes. Atmospheric demand for evapotranspiration (ET), as reference potential ET (PET), 

was estimated from temperature data using the Hargreaves and Samani (1985) method. The 

correlation between daily PET and soil water content decline were assessed for periods of 

recession to assess ET influences on soil water depletion. 
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Table 5.3: Analyses performed to indicate the occurrence of processes-Adopted from McMillan et al. (2012) and Glenday (2015). 

Spatial 
Scale 

Data  Data analysis              Process interpretation  

Floodplain SM 

Time to peak response (not 
saturation necessarily) and 
recession speed after event. 

Increase in moisture can be due to direct recharge, lateral flows 

Decrease in moisture can be to either drainage and/or water use by 

the plants.  

Floodplain SM 
Time to decline after storm 
peak 

Fast decline to pre-event level (less than two days) indicates dominant 

vertical drainage 

Main 
Channel 

SW, P, 
SM 

Comparing local groundwater 
level to the river water 
elevation 

River gaining or losing to the alluvial aquifer 

Alluvial 
aquifer 

GW, P 
Groundwater level change after 
a rain event 

Responsiveness indicates notable recharge and no response indicates 

net recharge is not significant. Greater responsiveness to similar event 

sizes in colder conditions or across different vegetation types are 

indicative of ET impacts on recharge.  

Alluvial 
aquifer 

GW, P 
Peak timing after storm event 
at different locations  

Similar peak timing in water level changes indicates notable direct 

recharge. Delayed response can indicate recharge elsewhere and flow 

toward the measurement site. 

Alluvial 
aquifer 

GW,P, 
PET 

Groundwater level decline 
correlated with PET  

Groundwater level decline strongly correlated with PET indicates 

water use by plants and that plant roots can reach the water table.  

SM – soil moisture, SW - surface water, P - precipitation, GW groundwater, PET- potential evapotranspiration  
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5.6 RESULTS  

5.6.1 Rainfall variation at Willowvale from 2017-2019 

The total amount of rainfall received at Willowvale in 2017, 2018 and 2019 was 451, 555 and 416 

mm/year respectively. All three years fall below MAP of the catchment, which is approximately 

650 mm/year (Cornelius et al., 2019). The whole catchment was monitored during a relatively 

dry period. During the monitoring period, antecedent precipitation index (API) was highest 

following the large September 2018 and November 2019 storms which triggered pronounced soil 

water and hydrometric responses, while series of smaller rain events in succession produced 

some relatively high values in April and September-November 2017 (Figure 5.4). 

 
Figure 5.4: Antecedent precipitation index and observed rainfall for the 2017-2019 period 

 

5.6.2 Soil texture  

Results of the soil texture analyses from the three sites (grass, palmiet and wattle) are presented 

in Table 5.4. All sites have similar sandy texture (89% sand) in the 0-20 cm soils.  

 

Table 5. 4: Soil textural classes by layer for the (a) wattle, (b) palmiet and (c) grass sites 

Site  Depth (cm) Sand (%) Silt (%) Clay (%) Texture Class 
Wattle 20 89 6 5 Sand 
 100 89 6 5 Sand 
 160 87 8 5 Loamy sand 
Grass 20 89 6 5 Sand 
 70 83 10 7 Loamy sand 
 180 87 6 7 Loamy sand 
Palmiet 20 89 6 5 Sand 
 160 89 6 5 Sand 
 240 89 6 5 Sand 
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In the B horizon (Table 5.4), soils are generally sands to loamy sands (sand fractions ranging 

between 83-89%, silt and clay fractions ranging between 5-10%). The horizons where soil 

moisture probes were installed (0-60 cm) were sandy across the three sites. Given the 

similarities in soil texture at the three sites, observed differences in soil water content responses 

to rainfall will therefore, be attributed to impacts of vegetation. 

 

5.6.3 Spatio-temporal variations of soil water content under three contrasting 

 vegetation types 

Significant differences in soil water content responses to rainfall from August 2017 to December 

2019 were observed at different depths among the black wattle, palmiet and grassland sites. 

Based on visual analysis (Figure 5.5), marked fluctuations of the soil water content were 

observed in response to rainfall events of ≥10 mm/day in general.  

Soil water content of shallow soils (0–10 cm) at all three sites increased after light events (<10 

mm/day) with maximum % saturation increases of approximately 10, 15 and 40 at the grass, 

palmiet and wattle sites respectively. At the wattle site, notable responses to light rainfall were 

observed at the 10-20 cm soils. No pronounced changes were observed at 30-60 cm soils 

following light events. Surface soil water increments in response to light events were notable 

(peak response) from August 2017 to August 2018, however, after the September 2018 storm, 

notable increments were only observed in response to medium (10-19 mm/day) to heavy (20-40 

mm/day) events. Possible explanation could be that after wet periods, plants will grow leaves 

thereby resulting in increased ET as well as increased canopy interception. 

At the grass site, notable responses to light events were only observed in shallow soils; however, 

for some events (>20 mm/day), deeper soils responded more than shallow. Deeper soils had 

larger soil water content changes compared to the shallow soils for some rainfall events i.e. on 

the 16th of August 2017 and 20th of July 2019, after events of 26 and 20 mm/day respectively, 

soils between 40-60 cm had high SWC increases (>15% saturation) whilst 20-30 cm had less 

than 2% saturation increase. This could have been due to a rise in the alluvial aquifer water table 

recharged by subsurface flow generated further up or around the contributing catchment, such 

that the lower soil layers at this site were influenced by the capillary fringe. For most rainfall 

events greater than 30 mm/day, SWC at all soil depths increased significantly (>10% 

proportional increase) except for the soils at 30 cm depth which seldom responded at this grass 

site. The site is dominated by Pennisetum clandestinum (Kikuyu) grass with root depths between 

20-40 cm (Heuze et al., 2015), therefore the lower SWC and small responses at 30 cm may be 

attributed to active root water uptake at this depth.  
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Figure 5.5: Observed temporal variation of soil water content under grass, palmiet and wattle 

sites and flow response from August 2017 to December 2019 at Willowvale. 10 cm to 60 cm show 

SWC at the respective depths 

http://etd.uwc.ac.za/ 
 



81 
 

Soil water content changes in response to moderate to heavy events (10 mm< i<40 mm) were 

notably different in response times across the three sites. On average, shallow soils (0-10 cm) at 

the grassland site responded in less than 24 hours after moderate events, soils at 20-30 cm 

depths responded in 24 to 36 hours and the deeper 40-60 cm soils responded in 24 to 48 hours. 

At the palmiet site, notable soil water content changes to moderate rainfall events were observed 

at the 10-30 cm soil layers. However, for some events, i.e. after an event of 19 mm on the 20th of 

November 2018, the 40-60 cm soils had the most significant change in water content (increases 

in % saturation of 25, 73 and 74% respectively). In general, responses to moderate rainfall 

events often yielded changes in soil water content ranging between 15-55% saturation 

increments for the 10-30 cm soils. At deeper soils (40-60 cm), water content responses varied 

depending on antecedent conditions. The general responses at the palmiet site after moderate to 

heavy events were that shallow soils responded within 24 hours (>10% saturation increase) 

whilst the 40-60 cm soils responded after 24 to 48 hours (>30% saturation increase). 

 

At the wattle site, soil water content varied significantly with depth for most moderate to heavy 

rainfall events. In 2017, most responses to rainfall events were observed in the 10-20 cm soil 

layers (i.e. 33.8 mm and 23 mm on 15 September and 8 October respectively). In 2018, for most 

moderate events, increment amount of soil water content in soils at 10 cm depth was between 45 

to 75% saturation whilst the 50-60 cm soils increased by 14-20% saturation. From September 

2018 to November 2019, significant responses were observed in the 10-20 cm soil layers for 

rainfall events up to 20 mm/day. The 40-60 cm soils maintained constant water content after 

the September 2018 storm (134 mm in 48 hours) only showing notable responses to rainfall 

events greater than 20 mm/day. This suggests that this could be the field capacity for this layer 

(between 15-25% saturation) and/or there is enough water in other layers such that the ET 

demand does not deplete soil water in this layer over time. Depending on the magnitude of the 

rainfall event, the general trend observed at this site shows responses within 24 hours after an 

event in the 10-20 cm soils and a lag time of more than 24 hours in the 30-60 cm soils. Overall, 

events less than 10 mm/day resulted in soil water content responses only in the shallow 10-20 

cm depths and in other cases at 30 cm depths at all sites. Deep layers exhibited long lags or no 

responses to most of these events. This was due to low quantities of effective rainfall that made 

it past canopy and litter interception but not enough for recharge and also a function of rainfall 

event size and antecedent wetness before each event. Events of 25 mm/day or more resulted in 

full profile response indicating local recharge particularly when the 60 cm depth water content 

stayed elevated (at 25% saturation on average) assuming that the groundwater table was close 

enough to impact the capillary fringe.  
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5.6.4 Comparison of the advance of the wetting front in response to storm events 

 under grass, palmiet and wattle sites 

To analyse the advance of the wetting front, moderate and heavy rainfall events, which occurred 

on 21/11/2018 (18 mm) and 19-20/07/2019 (moderate) and (7-8th September 2018 (134 mm) 

and the 13th of November 2019 (53 mm), were used (Figure 5.6 and Figure 5.7). Analyses of the 

moderate events (Figure 5.6) show the shallow 10 cm soils responded to the November 2018 

event at all sites. At the grass and wattle sites, only the 10-20 cm soils responded whilst at the 

palmiet site, water infiltrated down to the 30 cm soils. Analysis of the July 2019 event (Figure 

5.6) shows responses at the palmiet site (10-40 cm soils responded and a slight delayed increase 

at 50 cm soils). At the grass site, incremental responses were observed in the 10-30 cm soils. 

 

Figure 5.6: Soil water content responses to moderate rainfall events (18 mm) on 21/11/2018 

(left) and (20 mm) on 19-20/07/2019 (right). 10 cm to 60 cm show SWC at the respective depths 
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At the wattle site, only the shallow 10 cm soils showed a significant response whilst the 

underlying 20 cm soils showed a slight delayed response which could have been due to high 

canopy and litter interception reducing the amount of water that reaches the soil layers. The 

advance of the wetting front down the profile is influenced by rainfall intensity, and amount of 

canopy and litter interception. When the top layer exceeds field capacity, water then starts 

moving down the profile assuming there is no preferential flow through macropores. For the two 

events, water moves down the profile sequentially however, the deep layers (40-60 cm) at all 

sites seldom responded to these light to moderate events. This means that the wetting front 

required more rainfall to infiltrate to deeper layers and saturate the soils. A comparison of 

responses from the two events shows that the palmiet site is more responsive which could be 

due to their root system increasing the soil porosity and increased soil water content.  

 

Figure 5.7 shows the wetting front under heavy storm events. After the heavy storm on the 

7th-8th of September 2018, the wetting front took approximately 5 hours from the onset of 

precipitation to increase notably at 10 cm depths across all sites (5 mm cumulative rainfall) 

(Figure 5.7). However, the increase was quicker at the wattle site compared to the other two sites 

which increased gradually. The sites reached saturation at least 23 hours after the onset of the 

rainfall (89 mm cumulative rainfall). Similar to the moderate events responses, the profiles at all 

sites show water moving down sequentially. However, at the palmiet and wattle sites 

(September 2018 event), the deeper 60 cm soils reach saturation before some of the upper 

layers. This could be groundwater recharged by lateral subsurface flows rising and saturating 

the deeper soils before the wetting front reaches that horizon shown in Figures 5.7 and 5.12. 

 

All soils reached and maintained saturation for several days across the three sites which was due 

to overbank flooding. At the grassland site, the deeper layers remained saturated for longer (50 

and 60 cm). Soil water content at 30 cm started decreasing 72 hours after rainfall stopped by 23 

%, 40 cm soils decreased by 26% whilst 50-60 cm layers decreased by 22 % after 120 hours (5 

days). At the palmiet site, the soils at 10-40 cm started showing decreasing soil water content in 

the range of 25-40% saturation in 48 hours, whilst 50-60 cm SWC decreased below saturation 

five days (120 hours) after the storm. At the wattle site, 10-20 cm soils started decreasing after 

144 hours (6 days), 30-40 cm soils decreased after 168 hours (7 days) by 16 and 37% 

respectively. The 50 cm and 60 cm soils started decreasing on the 8th day (192 hours) and on 

the 10th day (240 hours) respectively. This longer delay in soil water content decrease is likely 

also a function of the topography of the site. The monitored position is downslope therefore 

could be receiving lateral subsurface flow from upslope.  
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Figure 5.7: Soil water content responses to storm events on 07-08 September 2018 (134 mm) 

(left) and 12-14 November 2019 (53 mm) (right) at Willowvale site. 10 cm to 60 cm show SWC at 

the respective depths 

 

In response to the storm event on the 13th of November 2019 (53 mm, Figure 5.7), the shallow 

10 cm soils at the palmiet site responded within three hours from the onset of the rainfall (4 mm 

cumulative rainfall). The wetting front at the grass and wattle sites progressed much slower 

reaching the 10 cm soils after 10 hours from the onset of the rainfall. This could be due to the 

antecedent soil moisture conditions. Grass and wattle had low soil water content compared to 

soils at the palmiet wetland. At the grass site, soils at 10-50 cm depths responded significantly 

within 24 hours except for soils at 60 cm which showed less than 1% saturation increase. At the 

palmiet site, all soils responded significantly within 6-18 hours (ranging from 40-85%). The 

wattle and palmiet soils reached saturation 11 hours from the onset of the rainfall but the soils at 

the grassland site did not reach saturation in response to this storm event. The saturation at the 

palmiet site could be linked to alluvial aquifer rise as shown in Figure (5.12), the shallow 

groundwater level rose to 11 cm below the ground surface at this site. The soil water content at 
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the palmiet and grass sites had actually started declining before the sharp increase to saturation 

and there was very little rain by this time. Therefore, river and alluvial aquifer contributions 

could be probable factors associated with this final increase. All layers at the palmiet and wattle 

sites show a sharp increase in the same hour which is not what would be expected if additional 

lighter rainfall was creating another wetting front that was moving down. The shallow (10-30 

cm) soil layers at the palmiet started decreasing 12-15 hours after peak soil water content whilst 

deep (40-60 cm) soils decreased after 24-38 hours. At the wattle site, soil water content started 

decreasing 72 hours after peak soil water content at the 10-30 cm soil layers, 96-120 hours for 

soils at 40-60 cm depth. 

 

Figure 5.8 shows variation of soil water content with depth for selected storm events. Values are 

plotted for a day’s average soil water content with depth (day before an event, day of event and 

the day after the event). The three profiles show distinct vertical response patterns to both storm 

events. The wattle site had the least water content before presented events except for the 30 cm 

soils at the grass site in January and September 2018. The 30 cm soils at the grass sites are in 

the active root depth, therefore more water will be extracted by the roots of grass in this layer.  

 

 

Figure 5.8: Soil water responses to events in (a) January 2018 (20 mm in 11 hours) (b) 

September 2018 (134 mm in 50 hours) and (c) 13 November 2019 (53 mm in 31 hours) 

respectively at 10-60 cm depths at the Willowvale site. For the curves, G=grass, P=palmiet and 

W=wattle. 
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For the average January 2018 event (Figure 5.8a), the grass site did not show notable changes in 

comparison to the responses observed at the palmiet and wattle sites. However, soil water 

content decrease was not quick by the next day compared to the September 2018 and November 

2019 events. All profiles at the three sites reached saturation in response to the September 2018 

storm (Figure 5.8b). However, in November 2019 (Figure 5.8c), only the soils at the wattle and 

site reached saturation. The palmiet soils did not reach saturation but all soils got to more than 

90% saturation. At the grass site, soils only got to approximately 60% saturation. For all events 

(Figure 5.8), the 40 cm depth at the grass site shows relatively more water content than other 

depths. A potential explanation for the 40 cm bulge in the grass profile could be some lateral 

subsurface flow contributions in that horizon.  

 

Seasonal variations in soil water content with depth at the different sites for the sampling period 

are shown in Figure 5.9 and Appendix Figure 5A1. Distinct vertical patterns in soil water content 

were observed across the three sites. Highest water contents were observed across all sites in 

spring likely due to the low evapotranspiration during this season (Figure 5.9). However, winter 

would also have low ET therefore, the high average for spring was highly influenced by the 

September 2018 event. 

 

 

Figure 5.9: Seasonal variations in soil water content at the grass, palmiet and wattle sites 
 

Given the lack of rainfall seasonality and the high inter-annual variability, different patterns 

maybe observed in a long term average. The least soil water content was observed in summer at 

all sites. No notable differences were observed at the wattle site in winter, summer and fall of the 
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sampling period (Figure 5.9). At the palmiet site, there were no significant differences in soil 

water content at deep (40-60 cm) soil layers. During summer and spring, soils at the palmiet 

site (0-40 cm) had relatively higher water content compared to grass but at deep (50-60 cm) 

layers, the two sites had relatively similar soil water content (Figure 5.9). 

 

5.6.5 Frequency analysis of soil water content at the three sites 

Exceedance probability curves for the observed soil water content responses to rainfall showed 

significant differences in soil water retention capacity among the three sites under different 

vegetation communities (Figure 5.10). Each exceedance curve shows the frequency of different 

soil water content levels at each depth per site during the sampled period (August 

2017-December 2019). The distribution of soil water content across the sampling period 

displayed using exceedance curves was a result of rain events (assumed to be the same at all 

sites due to their close proximity), how much water made it to the soil surface due to canopy 

interception (assumed to be different across all sites), and infiltration rates (soils had similar 

properties so infiltration was assumed to be relatively similar) as well as overbank flooding and 

the depth of the water table. The amount available to infiltrate was assumed to differ due to 

canopy interception, as were the ET rates (different for all sites with an expected difference in 

the distribution of withdrawals with depth), vertical drainage, groundwater depth and capillary 

rise at each site.  

 

All three sites exceeded or equalled 100 % saturation for less than 2 % of the sampled period. 

This was achieved after an 88 mm/day storm. The wetting pattern suggested that the whole 

floodplain became flooded with water flowing from upstream of the river which is shown by 

river stage of up to 4 m above ground (Figure 5.12). At 50% exceedance, the shallow soils were at 

approximately 40% saturation at the grass and palmiet but low (< 20% saturation) at the wattle 

site (Figure 5.10). This could be an indication that the wattle trees were drawing the soil water 

below field capacity more quickly and more regularly at 10-20 cm depths than the other 

vegetation types. Furthermore, the soils at the wattle site were not getting as wet for small 

events as other sites, which may be due to higher canopy losses. The soils could have been 

draining fairly quickly by gravity back to field capacity after wetting up and then ET continued to 

draw it down thereby remaining dry for long periods. No significant variation was also shown at 

deeper soils between grass and palmiet at 50% exceedance. Intermediate soils (30-40 cm), 

however showed relatively similar soil water contents between wattle and grass at the 50% 

exceedance (Figure 5.10).  
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Figure 5.10: Soil water content exceedance probability for the grass, palmiet and wattle site. 
 

Variations in soil water content and means for the sampled period are shown in Figure 5.11 and 

Appendix Figure 5A2. The vegetation cover types displayed differences in the observed full 

profile average soil water content (Figure 5.11). The palmiet site had overall soil water content 

ranging from 20 to 38% saturation with a full profile average % saturation value of 27. The grass 

site had a soil water content range of 16-33 % saturation and a profile average of 25. The wattle 

site had the lowest mean soil water content, ranging from 15 to 24, with a full profile average % 

saturation value of 19. The wattle site showed the least variation in soil water content for the 

whole 0-60 cm profile compared to the grass and palmiet sites. Furthermore, the wattle site also 

showed the lowest mean soil water content among the three sites. Average soil water content at 

the three land cover types revealed that the palmiet site had significantly (p<0.05) higher water 

content than the wattle site. The grass site had relatively higher soil water content in deep soil 

layers than palmiet and wattle (Appendix Figure 5A2).  
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Figure 5.11: Variation in full profile (0-60 cm) mean soil water content across the three sites. 
 

5.6.6 Water table responses in areas under grass, palmiet and wattle vegetation 

 types  

The study also described variability in water table responses under the three contrasting 

vegetation types, and facilitated the description of subsurface flow regime at the floodplain site. 

Shallow groundwater levels showed notable differences across the three sites (Figure 5.12). 

Important to note is that when monitoring began in April 2017, the water table was below all 

installed piezometer depths. Analyses of soil properties with depth showed similar sandy soil 

dominated profiles (Table5.4) across the three sites therefore differences in shallow 

groundwater level dynamics was largely attributed to differences in above ground vegetation 

cover types. Significant water table fluctuations were observed at the grassland site from April 

2017 to December 2019 (GS PZ6 and GS PZ7). The water table was higher at GS PZ6 at most 

times compared to GS PZ7 during periods when there was a measurement at both locations. At 

GS PZ6 the water table was below 2 m (the piezometer depth), on most sampling dates whilst at 

GS PZ7 the water table was above 3 m (piezometer depth) on all days sampled (Figure 5.12). 
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Figure 5.12: Observed variation in water table responses at grass (GS), palmiet (PM) and wattle 

(WT) sites. WV RV is the observed water level at Willowvale. Solid lines represent continuous 

data whilst dotted lines are only for visualisation purposes for manual dip meter measurements 

taken during field trips.  

 

At the palmiet site, the initial pressure transducer malfunctioned therefore continuous data 

recorded is only from April 2018 to December 2019. Water table depths typically ranged 

between 2.1 to 2.5 m below the ground surface from April 2017 to December 2019 except during 

and after large storm events. In September 2018, after 53 mm of rainfall in 19 hours, the water 

table rose from 2.2 m below ground surface to 2.08 m, then in the 2oth hour since the onset of 

the event after 54 mm of rainfall the water table rose from 2.08 m below ground surface to 0.5 

m above the ground surface in one hour indicating overland flow/flooding from the river flows 

exceeding channel low flow banks (Figure 5.12). Before the storm, the water table was below the 

piezometer depth (2 m) at the wattle site (in which all wattle piezometers were dry, including the 

deepest 3 m WT PZ1). By 20 hours since the rain started, the water table had risen to within a 2 

m depth (1.998 m below ground). In the 21st hour, the water level rose steadily to 1.5 m below 

ground then changed rapidly to 0.3 m above the ground showing overbank flooding from the 

river. The water level reached a maximum of 2.5 m above the ground whilst the palmiet reached 

a maximum of 2.4 m indicating that the floodplain was inundated. The overland flow lasted for 

81 and 90 hours (more than 3 days) at the palmiet and wattle site respectively.  
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After the September 2018 storm, the streamflow was likely maintained primarily by surface flow 

and interflow. However during the recession, some of the river flow contributions could have 

been water draining out of the floodplain. The elevation of water (m.a.s.l.) in the river relative to 

the piezometer water levels at the palmiet site showed that the elevation of the floodplain 

aquifer water table was always higher than the river indicating a gaining system shown in m.a.s.l 

on Figure 4.16 in Chapter 4. 

 

At the wattle site, the water table was below 3.2 m depth, (the three installed piezometers at this 

site were dry for most of the monitoring period) (Figure 5.12). The water table rose to within 2 m 

of the ground following the September 2018 rainstorm of 134 mm in 48 hours, 20 mm in 

November 2018 and 53 mm in November 2019. Sharp decreases were observed four to five days 

after the storm for both the wattle and palmiet sites. However, the water table at the wattle site 

dropped quicker than at the palmiet site. At the palmiet site, the decrease was more gradual and 

the water table remained at levels higher than levels observed prior to the September 2018 

rainstorm but at the wattle site, the water table dropped to levels below the installed piezometer 

depths. In general, the groundwater table only rose significantly across the area following the 

September 2018 and November 2019 rainstorms (Figure 5.12). An analysis of the shallow 

groundwater level time series at the palmiet site showed other significant responses also, 

however, some of these responses were not significant enough to rise to the 60 cm depth.  

 

The events in November 2018, March, July, August and October 2019 showed notable peaks 

that coincided with river peaks (Figure 5.12). For all these events, shallow groundwater at the 

wattle site only rose to within 3 m of the surface in response to the November 2018 and 

November 2019 events. This shows that the groundwater table at the wattle was dropping faster 

than at the palmiet or grass sites. The soil water content responses to these events, showed the 

wetting front moving down the profile to the deep layers at the palmiet site for the November 

2018, March and July 2019 events. In July 2019, the wetting front reached the deep soils only at 

the grass and palmiet sites. For most rainfall events in 2019 the wetting front did not move 

down the profile at the grass and wattle sites. At the wattle and grass sites, there was a peak 

response in the surface layers, but the 40 cm soils did not respond to the November 2018 event 

however, the 50 and 60 cm soil water content increased showing subsurface lateral flow 

contributions rather than local recharge from a wetting front. At all sites, the deep soil layers 

stayed relatively constant and elevated after the September 2018 storm probably implying that 

the water table rose and the soils were maintained by the capillary fringe or subsurface lateral 

flows from the surrounding area. 
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5.8 DISCUSSION  

This study measured soil water content under some of the typical land cover types (grass, 

palmiet and wattle) in the Kromme catchment. Rainfall events of different intensities were 

observed during the monitoring period. The land cover types influenced soil water content 

dynamics. Similar to other studies in semi-arid environments, the magnitudes soil water content 

changes varied depending on differences in magnitudes of precipitation events, antecedent 

conditions (Gao et al., 2014), duration of dry interval preceding each rainfall event (He et al., 

2012; Heisler-White et al., 2008; Wilcox, 2010) , and above ground vegetation cover type (Niu et 

al., 2015; Wang et al., 2013; Yang et al., 2019). Variation of subsurface water levels were 

influenced by above ground land cover types and changes thereof (Molina et al., 2007; Wahren et 

al., 2009). 

 

The observed results suggested that events greater than 30 mm/day played a key role in 

increasing soil water storage at all sites. Similar to other semi-arid landscapes, precipitation 

(light to medium rainfall events) was the main source of replenishment in the shallow soils (0-20 

cm) however, recharge and storage in deeper 50-60 cm soils required continuous rainfall (high 

antecedent soil water) or heavy rainfall (Berihun et al., 2019; Hou et al., 2018; Yang and Shang, 

2012). This has also been shown in other studies where smaller events merely caused 

fluctuations in the topsoil due to wetting and drying by evaporation (Berihun et al., 2019; 

Heisler-White et al., 2008). Events equal or greater than 25 mm/day were needed to get through 

canopy and litter interception and for a wetting front to move down the profile to the deep 60 cm 

soil layers. Furthermore, periods of dry spells also affected recharge of soils at greater depths as 

more precipitation was required to replenish the soils (Niu et al., 2015). Same results were 

observed by He et al. (2012) in the Qilian Mountains in northern China where soils at 50-60 cm 

depths were effectively recharged by continuous (increasing antecedent conditions) and/or 

larger amounts of precipitation.  

 

Soil water content responses varied across sites due to the different vegetation types. A 

comparison of the overall variation of soil water content indicated that shallow soils (0-10 cm) 

had pronounced responses to most of the rainfall events at all three sites. At the grassland site, 

the shallow soils (20-30 cm) showed low soil water content as this layer was the root zone depth 

of the dominant kikuyu grass. The soils at 40-60 cm generally showed high water content, 

however, there was no discernible change in soil water content in the same layers from 

November 2017 to August 2018 and from December 2018 to August 2019. Rainfall events during 

this period ranged from 0.2-31 mm/day but the soils maintained constant soil water content. 
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This could have been due to localized lateral subsurface flow contributions. On average, the 

water table at this site was approximately ≥1.8 m below ground surface or lower when the 40-60 

cm soils had relatively constant values therefore the capillary fringe could not have influenced 

the soil water content during these periods. 

 

At the palmiet site, soil water content responses were highly dynamic with depth. The soils at 60 

cm show high soil water content which rose during the sampling period from August 2017 to 

December 2019. This was attributed to increased local recharge shown by the wetting front 

moving down the profile to deep layers in response to most rainfall events compared to the grass 

and wattle sites. Palmiet plants promote recharge due to their fibrous root system (Rebelo et al., 

2015). The root systems influenced the movement of water down the profile probably through 

the creation of preferential flowpaths from the root structures (Wahren et al., 2009). 

Pronounced fluctuations were not as quick as the wattle site as there was a lag in responses after 

rainfall events and water content decline after peak responses was gradual compared to the other 

two sites. Soil water content gradually increased at deeper layers and in some cases without 

direct rainfall inputs which could have been an indication of localized contributions from 

subsurface soil water or capillary rise. Another potential factor was the general rise of the water 

table in the alluvial aquifer in response to rainfall events and subsurface inputs at the floodplain 

margin and main river bed. Palmiet traps sediment and reduces water velocity in channels due to 

the clonal nature of its extensive root system (Job, 2014; Rebelo et al., 2015), therefore, 

subsurface water was retained for longer periods in palmiet dominated areas and recharge of 

deeper soil horizons was promoted (Crous et al., 2019; Railoun, 2018; Rebelo et al., 2019; Sieben, 

2012). These results highlight the importance of the indigenous herbaceous palmiet plants in 

promoting groundwater recharge through its fibrous root system (Rebelo, 2012).  

 

At the wattle site, the responses of soil water content after rainfall events were quick (reaching 

peak water content in one or two hours on average after the onset of events). The soil water 

content at the wattle site showed the highest peaks in shallow soils (10 cm) from August 2017 to 

August 2018. The wattle site had sharp soil water content decrease after peak responses resulting 

in the least water retention across the three sites. This is an indication of rapid water use by the 

black wattle trees. Wattles have coarse and shallow roots that may influence preferential flow 

(Wahren et al., 2009) hence the sharp peaks after rainfall events and they are also capable of 

accessing soil water in both shallow and deep soils depending on its accessibility. Soil water 

content increased in general at the 40-60 cm after the September 2018 storm and constant levels 

were maintained which means the water table rose higher at this site after the storm.  
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Seasonal patterns in soil water content for the different vegetation cover types were analysed. On 

average, there were notable difference in soil water content between spring and other seasons 

across all sites. All the large storm events occurred in spring thereby increasing the mean soil 

water content at all sites compared to other seasons. All sites had low mean soil water content in 

summer , compared to spring and winter indicating the importance of ET in summer (drying out 

soils and lowering water tables) such that little recharge occurs. Water levels under wattle 

vegetation cover remained below piezometer depths only to respond to high intensity events (> 

40 mm/day). In areas without black wattle trees (palmiet and grassland), shallow groundwater 

levels remained within 2 m of the ground surface for prolonged periods. A possible explanation 

was the difference in root distribution and evapotranspiration rates of the different vegetation 

types (Li et al., 2017), particularly due to greater transpiration by the wattle trees as reported by 

other studies (Bulcock and Jewitt, 2012; Clulow et al., 2011; Dye and Jarmain, 2004). Soils at the 

black wattle site were drier and the alluvial groundwater table was also lower at this site as 

expected given differences in transpiration rates for these species measured elsewhere in the 

literature (i.e. Calder and Dye, 2001; Doody et al., 2011; Le Maitre et al., 2015; Rebelo, 2012). 

 

The spatial and temporal variation of soil water content were significantly influenced by rainfall 

event size and intensity (Fan et al., 2016), as well as by the above ground structure of the land 

cover types (Molina et al., 2007; Niu et al., 2015). Temporal variations of soil water content in 

different land cover types were not always consistent with rainfall event sizes due to differences 

in the dry sequence duration preceding events (Gao et al., 2014; Niu et al., 2015). In many 

semi-arid landscapes, alien invading woody species have been shown to have increased 

transpiration rates particularly in riparian areas where water is readily available consequently 

reducing river flows and groundwater levels in the floodplain (Doody et al., 2011). All monitoring 

wells were dry when they were installed as it was during a dry period but shallow groundwater 

levels rose in areas with palmiet and grass but remained below piezometer depths under the 

wattle invaded site. Removal of invading species and replacing or allowing the regrowth of native 

herbaceous species may result in improved subsurface hydraulic processes (i.e. water retention 

and infiltration rate), reduced ET rates and consequent increase in groundwater supplies (Doody 

et al., 2011; Kellner and Hubbart, 2016; Niu et al., 2015; Wahren et al., 2009) as shown by the 

results of this study. Rainfall that could recharge the floodplain alluvial aquifer may be lost to ET 

by the alien vegetation. The floodplain alluvial water table can have an impact on catchment 

outflow and water yield particularly in large catchments, therefore alien invasion in floodplains 

can have detrimental effects on overall outflow and catchment water yield particularly in 

catchments that have sizeable floodplains such as the Kromme.  
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5.9 CONCLUSION  

This study characterized spatial and temporal soil water content dynamics and shallow 

groundwater levels across three sites under contrasting vegetation types (black wattle, grass and 

palmiet) at a floodplain site in a semi-arid catchment. Rainfall event magnitude, antecedent 

wetness and vegetation type were identified as the major factors controlling soil water content 

dynamics and shallow groundwater levels. Deep 50-60 cm soils were generally recharged by 

rainfall of magnitudes 30 mm/day or higher. On average, soil water content was higher at the 

palmiet and grass sites compared to the wattle invaded site possibly due to higher transpiration 

rates by the woody alien species. The groundwater table at the palmiet and grass sites was 

sometimes observed to rise without local recharge. Contributions were possibly from mountain 

runoff infiltrating and coming through the subsurface or lateral or groundwater flow down the 

valley elevation gradient. However, following some heavy events, groundwater was observed to 

rise to levels within the root zone at the palmiet and wattle sites affecting the soil water content 

directly from the capillary fringe. In general, the water table at the wattle site was below the 

depth of installed piezometers (3 m) for more than 90% of the time only responding to 

rainstorms greater than 40 mm/day.  

 

Given the relative importance of floodplain landscapes particularly in arid and semi-arid 

catchments, as well as the global increase in land use and land cover changes particularly alien 

invasions in riparian landscapes, quantitative studies of this kind are therefore imperative 

regarding impacts of contrasting land cover types on floodplain hydrology as well as to guide 

vegetation recovery and restoration efforts (Gao et al., 2014; Ziadat and Taimeh, 2018). Soil 

water varies at both spatial and temporal scales, therefore understanding these variations 

becomes critical particularly in arid and semi-arid landscapes for water resource management 

and vegetation restoration (He et al., 2012; Wang et al., 2013; Ziadat and Taimeh, 2018). 

 

The results of this study can therefore guide restoration works as well as to build capacity 

through science communication regarding the impacts of black wattle on subsurface processes as 

well as the ecological and hydrological importance of palmiet in river systems. Soil moisture 

plays a very important role on water cycling and vegetation growth in arid and semi-arid 

catchments. Furthermore, studying soil water content variation under different land cover types 

adds to the knowledge and foundation of effective water resource management and ecological 

restoration in semi-arid systems particularly in areas where woody alien species have invaded.  
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CHAPTER 6: HYDROLOGICAL PROCESS UNDERSTANDING FROM THE 

SPATIO-TEMPORAL VARIATION OF WATER PHYSICO-CHEMISTRY AND ISOTOPE 

TRACER PATTERNS IN A SEMI-ARID MESO SCALE MOUNTAINOUS CATCHMENT. 

6.1 ABSTRACT 

Understanding hydrological processes in semi-arid meso scale mountainous catchments requires a 

multi method approach for better conceptualization of catchment processes. The objective of this 

work was to improve hydrological process understanding from the spatio-temporal variability of 

water physico-chemistry and environmental tracer patterns in the Kromme catchment (Eastern Cape 

Province of South Africa). Samples of chloride and stable isotopes (δ18O and δ2H) in rainfall, surface 

and groundwater were collected between August 2017 and February 2019. Physico-chemical 

parameters such as electrical conductivity (EC), temperature and pH were measured in-situ. This 

study also used chemical source component separation and end member mixing technique to 

improve the understanding of flowpaths and sources in the catchment. 

Tracer data indicated groundwater contribution to surface flows in the main channel and tributaries. 

Isotopic evidence demonstrated that the δ18O and δ2H compositions in the Kromme River exhibited 

spatial and temporal variability from the upper to lower reaches. Water samples generally became 

enriched along the river length moving downstream. Overall, although water samples were 

increasingly enriched downstream, some locations were depleted indicating influences of depleted 

mountain tributaries and groundwater from the bedrock aquifer contributing to the channel 

therefore suggesting mixing. Tributary samples were more isotopically depleted than main river 

samples indicating effects of evaporative enrichment in the main channel, whilst the tributaries are 

receiving from depleted groundwater from the bedrock aquifer. Tracer compositions in groundwater 

reflected sources and mechanisms of recharge.  

EC values generally increased along the length of the river, likely due to evaporation. Surface water 

sampled had low EC values (<350 μS/cm) suggesting contributions from subsurface flowpaths of 

short travel times with little time for mineral dissolution. Groundwater from the bedrock aquifer had 

low EC in general (EC <1000 uS/cm) which was associated with the fractured sandstone formations 

characteristic of the TMG regions that are not associated with high salinity. Three component source  

separations for the snapshot samples collected showed the importance of pre-event source 

components, particularly groundwater from the alluvial aquifer, highlighting the role of groundwater 

in sustaining river flows with some estimated proportions of greater than 90%. In general, surface 

water appeared to receive groundwater contributions from both the alluvial and bedrock aquifers in 

the catchment which was in agreement with hydrometric data showing that the main river was a 

consistently gaining system. Results of this study contribute to a process-based understanding of the 

complex interactions of water from different sources and flowpaths in meso scale semi-arid 

mountainous settings. 
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6.2 INTRODUCTION 

Mountainous watersheds worldwide serve as water towers for surrounding ecosystems and 

downstream communities. An understanding of their hydrological processes is therefore important 

for sustainable management of water resources (Viviroli et al., 2011; Zhang et al., 2018). Flowpaths, 

water sources and streamflow characteristics in mountainous catchments vary in space and time 

depending on climatic variations, topography, vegetation cover and subsurface storage (Cowie et al., 

2017; Zhang et al., 2018). The knowledge of runoff generation processes, i.e. flowpaths and sources, is 

crucial for prediction of water quantities such as catchment yield, and streamflow characteristics such 

as floods and low flows in a catchment (Eckhardt, 2005; Wenninger et al., 2008). Understanding 

these processes particularly in mountainous catchments with complex topography, highly fractured 

geology, high rainfall variability, and a mix of land cover types poses significant challenges to 

conceptualize and quantify processes (Hoeg et al., 2000; McDonnell and Tanaka, 2001). Direct 

measurement of discharge components continuously at sufficient number of locations is practically 

impossible. Multiple techniques are therefore needed to address uncertainties and get a holistic 

understanding of processes. 

 

Hydrometric data has been widely used to gain insights into the hydrological functioning of 

catchments (McGuire and McDonnell, 2010; Munyaneza et al., 2012; Riddell et al., 2020; Uhlenbrook 

et al., 2002; van Tol et al., 2010). Other than using hydrometric data alone, environmental tracers 

were introduced to complement other hydrological methods to offer insights into catchment 

processes. Studies have successfully utilized isotopes in different environments such as mountainous 

catchments (Xing et al., 2015; Yang and Shang, 2012; Zhou et al., 2015), rainforests (Goller et al., 

2005) and glaciers (Zhou et al., 2015). Environmental tracers and physico-chemical techniques have 

been very useful around the globe in providing insights into hydrological functioning of catchments 

such as recharge (Camacho Suarez et al., 2015; Hao et al., 2019), flowpaths (Cartwright et al., 2014; 

Wenninger et al., 2008) and water sources (Lambs, 2000; Wenninger et al., 2008). Zhou et al. (2015) 

identified runoff components and their temporal variation using deuterium and 18O in the Qilian 

Mountains in China. Li et al. (2007) traced soil water and recharge dynamics in a semi-arid Taihang 

Mountain catchment (China). Isotopic compositions have been used to ascertain various sources 

contributing streamflow in meso scale semi-arid catchments (Camacho Suarez et al., 2015; Saraiva 

Okello et al., 2018) and mountainous catchments (Hoeg et al., 2000; Zhang et al., 2018). Natural 

tracers such as 18O and deuterium are conservative therefore they can be used to trace flowpaths as 

their composition is not affected or changed by interactions with rock minerals and other aquifer 

materials, thereby allowing the determination of sources in a river (Vitvar and Aggarwal, 1998). 

Isotope tracer studies have also been integrated with physico chemical parameters (e.g. EC, pH, and 

temperature) as well as geochemical tracers such as chloride and silica to identify runoff sources and 

flowpaths (Hao et al., 2019; Maurya et al., 2011; Penna et al., 2015). Variability of tracers at a 
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temporal scale can be used to estimate old and new water proportions to stream flow as well as 

groundwater-surface water interactions (Song et al., 2006).  

 

Tracer hydrology has received lots of attention at smaller scales (Colvin et al., 2009; Hao et al., 2019; 

Hood and Hayashi, 2015; Wenninger et al., 2008), but little has been documented at larger spatial 

scales due to logistical and financial constraints (Mul et al., 2009). Furthermore, a few studies have 

used tracer data to characterize processes in large scale semi-arid mountainous catchments (Li et al., 

2007; Penna et al., 2015; Zhou et al., 2015). The objective of this work is therefore, to improve the 

conceptualization and quantification of processes in a semi-arid mountainous Kromme catchment 

(Eastern Cape Province of South Africa) using environmental tracers and physico-chemical 

parameters. The Kromme is a semi-arid, meso-scale mountainous catchment with sizeable 

floodplains. For large scale mountainous catchments, multiple features and processes contribute to 

their hydrological functioning. A diversity of flowpaths may be dominant at different spatial and 

temporal scales as heterogeneous underlying geology and complex topographic properties give rise to 

different response characteristics in various locations (Savenije, 2010). Isotopes (18O and deuterium) 

can be useful tools for integrating hydrological information across scales (Ala-aho et al., 2018).  

 

Most studies in high elevation mountainous catchments have focused on the influence of snow in 

sustaining river flows (Brauchli et al., 2017; López-Moreno and García-Ruiz, 2004; Lucianetti et al., 

2020). However, river flows in most high‐elevation mountainous catchments are sustained by 

subsurface water sources throughout the year (Stoelzle et al., 2019), and these sources are influenced 

by the magnitudes, and types of recharge mechanisms, as well as subsurface storage capabilities 

(Cowie et al., 2017). Meteorological patterns in these catchments are influenced by physiographic 

features such as high elevation peaks and deeply incised narrow valleys. All these characteristics 

result in different processes, response patterns and potential pathways that could produce similar 

streamflow patterns. However, even though response patterns could be similar, they can be 

distinguished by their tracer signatures.  

 

Previous chapters have highlighted possible flowpaths and groundwater, surface water interactions 

between the mountain, floodplain and channel as well as possible water sources contributing to 

streamflow in this catchment. Previous hydrometric analyses have indicated that the mountain 

bedrock aquifer discharges into tributaries (seeps observed and consistent flow in tributaries even 

during a drought). The alluvial aquifer also receives contributions from the bedrock aquifer indirectly 

via the subsurface and is also recharged by direct precipitation and river flood events. Water table 

elevations in the alluvial aquifer were found to be continually above the adjacent river channel at 

several floodplain sites, suggesting that it could be a consistent source supporting baseflow in the 

main channel. Baseflow recession analyses provided insights into storage-discharge relationships at 
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catchment and sub catchment scales in the Kromme, however, these approaches could not fully 

quantify the source contributions. Isotope data would therefore help to confirm the occurrence of 

conceptualised flowpaths, sources and to quantify proportional contributions from each source 

and/or flowpath.  

 

The Kromme is located in the Cape Fold Belt region of South Africa which comprises a series of 

mountain ranges primarily made up of the Table Mountain Group (TMG) geologic formations 

(Diamond, 2014). Previous isotope studies in some parts of the TMG have indicated that groundwater 

can be discharged through valley bottom wetlands, seeps, springs, and as baseflow in river channels, 

indirectly via alluvial aquifers or where the river channels cut directly into bedrock (Colvin et al., 

2009; Xu et al., 2009). Most of these studies in the TMG region have indicated that runoff was mainly 

generated from groundwater contributing between 64-98% (Diamond, 2014; Smith and Tanner, 

2019). Several other studies in semi-arid mountainous catchments have also shown the dominance of 

groundwater in sustaining river flows using tracers (Camacho Suarez et al., 2015; Gibson et al., 2016; 

Guo et al., 2017; Uhlenbrook et al., 2004).  

 

This study employed the combined use of tracers from rainfall, groundwater and streamflow at 

multiple locations in the Kromme catchment to assess spatiotemporal variability of tracer 

compositions in surface and subsurface water and identify likely pathways contributing to 

streamflow. The information gained was used to infer potential connectivity, source contributions and 

streamflow changes which is critical knowledge for the optimal protection of surface and groundwater 

resources given the current changing land use and climatic conditions and to update and improve the 

conceptual model of the catchment 

 

6.3 Materials and methods 

6.3.1 Study site 

Detailed descriptions of location, geology, land use, and other physiographic characteristics of the 

Kromme catchment are presented in Chapter 3. Figure 6.1 shows locations for isotopes, chloride 

sampling and in-situ monitoring of physico-chemical properties of water from different sources.  
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Figure 6.1: Location of water quality surface and groundwater sampling sites (Kromme catchment).  

 

6.3.2 Data Collection Procedures 

Spatio-temporal variability of physico-chemistry and tracer patterns was assessed to improve the 

conceptualization and quantification of processes in the Kromme catchment. A quantitative approach 

was used in this study to explore and characterize groundwater and surface water interactions as well 

as to determine various runoff components in the catchment. A total of eight sampling campaigns 

were done every 2-3 months from April 2017 to December 2019. The samples were collected directly 

from the sources using the grab sampling method. During each sampling campaign, samples were 

collected from three tributaries (two north facing and one south facing), eight main river points, ten 

piezometers for shallow groundwater (alluvial aquifer) and four boreholes, and 1 seep for deep 

groundwater sites (bedrock aquifer) (Figure 6.1). Herein, alluvial aquifer (shallow groundwater) and 

bedrock aquifer (bedrock groundwater) refers to subsurface water monitored in piezometers (<4 m) 

and boreholes (>4 m) respectively.  

 

Monitoring site names and codes used in the study are given in Chapter 3, Table 3.1 and 3.2. 

Measurements of EC, pH and temperature were done in situ at various surface and groundwater sites 

using a YSI Pro-Plus Multi-parameter probe. From the rain gauge, tributaries, river sites, 

piezometers, boreholes and seep, a total of two hundred and eleven samples were collected for stable 

isotopes of O18 and deuterium analyses during the monitoring period. Two hundred and eleven water 

samples for chloride analyses were also collected but only one hundred and ninety six were analysed 

due to laboratory issues. Two hundred and forty three measurements of EC, pH and temperature 
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were done in situ at the above mentioned sources. A 50 ml bottle was rinsed three times using the 

water from the source then a sample was collected. The bottle was sealed tightly making sure that no 

air was present then stored at a temperature of not more than 4ºC. Turbid samples were filtered 

through a 0.25 mm filter membrane.  

 

Rainfall samples were collected by a volunteer resident of the area and stored in a refrigerator. Rain 

samples were collected for individual rain day events (lumped sample for the day). The day samples 

were not lumped further, each sample was analysed individually. For each stream and groundwater 

sampling campaign, the rain sample concentration values from preceding 2-3 month period have 

been plotted for comparison. It is important to note that not all sites could be sampled in all trips as 

some were dry or inaccessible during the field visit. 

 

6.4 Data Analysis 

Collected samples were analyzed for δ18O and δ2H isotopic compositions at the University of the 

Western Cape and iThemba laboratories using the liquid water isotope analyzer (Los Gatos Research 

Inc.). Chloride composition in samples was analysed using the Mercuric Thiocyanite method (Hach 

DR 6000 spectrophotometer). A standard solution method was used to validate the analysis 

procedure, instrument and the reagents used with a precision at 95% confidence level. 

 

The concentration of the isotopes is expressed as a ratio of the mass balance in relation to the 

Vienna-Standard Mean Ocean Water (VSMOW) (Equation 6.1). 

δ (‰)= (Rs/Rst-1)*1000         (6.1) 

 

Rs and Rst are ratios of isotopic compositions (i.e. R = 18O/16O for oxygen and 2H/1H for hydrogen) in 

the sample (s) and the standard (st) respectively.  

Isotope signatures of δ18O and δ2H were analysed to assess how they vary across different sources. 

Values were plotted against the local and global meteoric lines to determine their relationship with 

the meteoric origin. The global meteoric water line (GMWL) defined by Craig (1961) (Equation 6.2) 

and the local meteoric water line (LMWL) defined by Diamond (2014) (Equation 6.3) are ratios of 

heavy oxygen and hydrogen expected in the rainwater before evaporation.  

 

Global Meteoric Water Line  δ2H = 8δ18O + 10 ‰     (6.2) 

Local Meteoric Water Line  δ2H = 6.5δ18O + 10 ‰     (6.3) 

 

The LMWL and GMWL are empirical relationships between δ18O and δ2H of precipitation used to 

detect evaporative enrichment (fractionation) of different water samples. Water samples plotting on 
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the meteoric line are assumed to be of atmospheric origin and not altered by other processes such as 

open water evaporation and mixing with other rock minerals. Sources of water can be deduced by 

analysing where they plot in relation to the meteoric water line. If a sample plots on or close to the line 

similar to that of precipitation, it therefore means the sample is of meteoric origin (Dansgaard, 1964). 

In this study, the LMWL was generated by Diamond (2014) using precipitation data acquired from 

the Lentelus rainfall station approximately 50 km from the Kromme catchment. The global meteoric 

water line (GMWL) used was developed by Craig (1961).  

 

The local evaporation line (LEL) was also generated to determine if evaporation processes have 

occurred in any of the sampled water sources particularly open water sources as well as shallow 

groundwater. The LEL was described by Edwards et al. (2007) and is defined by generating a 

regression line through surface water and shallow groundwater samples. The isotopic ratios δ18O and 

δ2H, physico-chemical and geochemical tracers were also used for source component separation to 

distinguish between time source components (event and prevent water) in the catchment using the 

three component separation mass balance method to account for possible end members by extending 

the standard two component equation as follows: 

𝑄𝑡 = 𝑄𝑑𝑟 + 𝑄𝑠𝑔 + 𝑄𝑑𝑔          (6.4) 

𝐶𝑡𝑄𝑡 = 𝐶𝑑𝑟𝑄𝑑𝑟 + 𝐶𝑠𝑔𝑄𝑠𝑔 + 𝐶𝑑𝑔𝑄𝑑𝑔        (6.5) 

Where 𝑄𝑡 is the total flow, 𝑄𝑑𝑟is the contribution from direct runoff/ event water,  𝑄𝑠𝑔  represents 

shallow groundwater and 𝑄𝑑𝑔  represents deep groundwater. 𝐶𝑠𝑔and 𝐶𝑑𝑔 are values representing 

tracer compositions of shallow groundwater and deep groundwater respectively. 𝐶𝑡  and 𝐶𝑑𝑟 represent 

the tracer compositions of streamflow, event/direct runoff and pre-event water Rain samples from a 

most recent preceding rainfall event before the sampling was used. Samples from boreholes and 

springs were used for deep groundwater and samples from piezometers were used for shallow 

groundwater. 

 

Deuterium excess (d) can be used as a proxy for isotopic fractionation process indicative of 

condensation or evaporation effects in water (Wu et al., 2012; Ala aho et al., 2019). Deuterium excess 

(d) was calculated using Equation (6.6) by Dansgaard (1964): 

 

𝑑 = δ2H − 8δ18O          (6.6) 

A d-excess value of 10 plots on the GMWL whilst d-excess values greater than 10 plot above the 

GMWL meaning the samples are depleted and can also be indicative of cooler moisture sources, while 

values less than 10 mean that samples are isotopically enriched and can indicate warmer moisture 

sources. D-excess values in relation to the GMWL are indicative of the source ocean, season and 
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weather system type responsible for the rain event. In this chapter d-excess is used as additional index 

to analyse and differentiate evaporated and non-evaporated samples from various sources monitored 

 

Basic descriptive statistics of central tendency and variability were calculated for the measured 

variables by site and site type, and correlation analyses were used to describe the relationship 

between measured variables. To assess the spatial variability of tracer compositions and 

physico-chemical parameters, t-tests were performed on the data. Data was analysed at a 0.05% 

confidence level. Data was tested for normality and transformed before running statistical tests. 

ANOVA was used to test for variations in tracer patterns at a temporal scale. Principal component 

analysis (PCA) was done to identify patterns in the data sets and cluster analysis to classify similar 

samples into groups (Clarke and Gorley, 2006).  

 

The cluster analysis was performed using normalized data and Euclidean distance resemblance 

measure. Parameters assessed were pH, EC, 18O, 2H, Cl ORP, D-excess and temperature using the 

mean values for each parameter per site over the sampling period. The same set of sampling events 

for a given parameter was used for all the sites included in the analyses to have a fair comparison. 
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6.5 RESULTS 

6.5.1 Spatial and temporal variations of environmental tracer patterns. 

6.5.1.1 Spatial and temporal variations in isotopic compositions of rainfall, 

streamflow and groundwater. 

Isotopic signatures for all sampled water types (river, groundwater, rain and springs) are 

described in terms of spatial and temporal variability in δ2H and δ18O. D-excess values in relation 

to the Global Meteoric Water Line (GMWL) are also discussed. Samples collected in August and 

December 2017 represented a dry period, while those collected in February, August and 

November 2018 represented a relatively wet period. There was a prolonged dry period in 2017 

from August to July (average of 0.5 mm/day). The year 2018 was also relatively dry particularly 

in winter (May to August) (Section 6.5.1.3, Figure 6.3). However, due to a large storm event in 

September (134 mm in 48 hours) and some wet months in between, the average rainfall for the 

year 2018 was close to the long term average. Both the years 2017 and 2018 had their wettest 

periods during spring (September to November) (Section 6.5.1.3, Figure 6.3).  

 
The isotopic compositions of Kromme River water samples exhibited marked spatial variations 

(Table 6.1; Figure 6.2). Marked variations in isotopic compositions are shown between 2017 and 

2018 samples (Figure 6.2). Tracer compositions were depleted (Table 6.1) at upper parts of the 

catchment (-28.19‰ for δ2H; -4.79‰ for δ18O) getting slightly enriched lower catchment 

(-15.16‰for δ2H; -3.55‰ for δ18O), likely due to evaporative enrichment of water in the main 

channel along the river length.  

 

Table 6.1: Descriptive statistics of isotopic compositions in main river surface water samples 
Main river  δ 2

H ‰ δ 18
O‰ 

 

Number of sites Samples (n) Mean Min Max Mean Min Max 

Upper catchment 3 14 -22.08 -28.19 -15.66 -4.79 -5.95 -3.12 

Midcatchment 3 18 -16.96 -23.76 -10.5 -3.73 -5.23 -2.66 

Lower catchment 1 8 -15.16 -20.88 -9.72 -3.55 -4.55 -2.42 

 

The local evaporation lines (LEL) for surface water and shallow groundwater samples in the 

catchment showed slopes ranging from 5.8 to 8.3 (Figures 6.2 and Appendix Figure 6A1). These 

slopes show that both surface and shallow groundwater experienced evaporative enrichment. 

Increased evaporative enrichment in main river samples was shown in August and November 

2017 where the majority of samples plotted between -20 for δ2H and -4 for δ18O (Figure 6.2). In 

November 2018, most river water samples were depleted (plotting between -30 for δ2H and -6 for 
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δ18O) due to the dilution effect by rainfall. From the large storm in September 2018 (134 mm in 

48 hours), a series of rainfall events (some greater than 20 mm/day) occurred until the sampling 

in November 2018 hence the depleted surface water samples (Figure 6.2). 

 

 
Figure 6.2: δ2H (‰) vs. δ18O (‰) for Kromme catchment 2017 and 2018 samples. All rain 

samples in each graph were collected from events that occurred before each sampling. LEL - 

Local evaporation line, LMWL - Local meteoric water line and GMWL - Global meteoric water 

line 

 

Isotopic compositions of other sampled sources (rainfall, tributaries, and groundwater from 

alluvial and bedrock aquifers) are also shown in Figure 6.2 and summarised in Table 6.2. 

Variations were observed between the different sources (Figure 6.2). In general, tracer 

compositions showed depletion of groundwater in the alluvial aquifer at the upper catchment 

sites (-28.48‰ for δ2H; -5.51‰ for δ18O) getting slightly enriched downstream (-18.03‰ for 

δ2H; -4.06‰ for δ18O). This was due to enriched surface water infiltrating and recharging the 

alluvial aquifer at lower catchment sites. Isotopic compositions of groundwater from the bedrock 
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aquifer showed depletion at all monitored upstream and midcatchment sites (Table 6.2). Tracer 

compositions in groundwater ranged between minimum values of -53‰ to-31‰ for δ2H; -9‰ 

to-6‰ for δ18O and maximum values between -32‰ to -18‰ for δ2H; -6‰ to -4‰ for δ18O with 

an average of -33.3‰ for δ2H and -6.1‰ for δ18O for most of boreholes (Tables 6.2). This was 

due to recharge of the deep groundwater by depleted sources. Samples from the tributaries were 

depleted showing average isotopic compositions of -20.54 for δ2H and -4.72 for δ18O. Deep 

groundwater samples were more depleted than tributary samples (Table 6.2). Deep groundwater 

discharges and sustains tributary flow and water in tributaries experience evaporative 

enrichment to an extent hence the slight differences in their isotopic compositions. Deep 

groundwater was more depleted than water from tributaries, main channel and shallow 

groundwater. This implied quick recharge of deep groundwater by water that had not been 

influenced greatly by ET which can be expected in fractured rock mountains. The spring/seep 

samples showed no significant differences at a temporal scale with compositions ranging from 

-24‰ to -28‰ for δ2H and -5.1‰ to -5.9‰ for δ18O with a mean of -26‰ for δ2H and -5‰ for 

δ18O implying a constant source of groundwater discharge.  

 

Table 6.2: Descriptive statistics of isotopic compositions in rainfall, tributary and groundwater 

 
 

δ 2
H ‰ δ 18

O‰ 

Source Location 
Sites 

(n) 

Samples 

(n) 
Mean Min Max Mean Min Max 

Rainfall 

 
2 12 -23.76 -82.73 24.60 -4.95 -12.96 1.83 

Tributaries 

 
4 24 -20.54 -26.10 -10.63 -4.72 -5.92 -3.04 

Shallow GW 

Upper catchment 8 36 -28.48 -42.45 -17.48 -5.51 -7.68 -3.71 

Midcatchment 3 19 -16.56 -23.60 -9.09 -3.70 -5.08 -1.73 

Lower catchment 2 10 -18.03 -31.46 -8.30 -4.06 -5.89 -1.88 

Deep GW  
Upper catchment 1 5 -33.25 -34.60 -32.34 -5.97 -6.22 -5.82 

Midcatchment 3 21 -29.31 -52.89 -12.49 -5.75 -9.21 -2.87 

 

There were no significant variations in isotopic variations of deep groundwater (KDBH vs. JBHU, 

P=0.56) and (KDBH vs. PKBH, P=0.76) except samples from the floodplain borehole (JBHL) 

(Appendix table 6A1). Groundwater samples from the floodplain borehole (JBHL) were 

significantly different in isotopic compositions in comparison to groundwater from the high 

elevation boreholes (p=0.02 and p=0.03 against KDBH and JBHU respectively). Similarities in 

groundwater samples from upper and midcatchment boreholes (KDBH vs. JBHU) could have 

been due to recharge from high up in the mountains where elevation effects on the isotopic 

composition of precipitation was a factor. Groundwater at the floodplain borehole (JBHL) had an 

average isotopic composition of -19.42‰ for δ2H and -4.8‰ for δ18O showing relatively similar 
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isotopic signatures as shallow groundwater from the floodplain alluvial aquifer as well as some 

surface water samples from the main channel (Appendix Tables 6A2-6A5). This indicated that 

groundwater in the floodplain was influenced by enriched surface and shallow subsurface water 

sources.  

 

6.5.1.2 Spatial and temporal variation of d-excess from various sources 

Calculated d-excess values for water sampled from the various sources in the Kromme catchment 

are given in Table 6.3. D -excess in rainfall samples ranged between 6 to 28‰. Mean D-excess 

values for rainfall were between 8‰ to 19‰. The lowest mean d-excess value of 8‰ in rainfall 

was recorded in May 2018, indicating high evaporation.  

 

Table 6. 3: Summary of d-excess values for different sources 
D excess (‰) 

Date  Rainfall Deep 
groundwater  

Shallow 
groundwater 

River Tributary 

08-2017 

Mean 20 16 14 13 18 
Min  13 11 10 15 
Max  22 18 16 21 

11-2017 

Mean 15 20 15 17 19 
Min 10 18 7 11 12 
Max 21 23 20 23 23 

12-2017 

Mean 17 18 15 13 19 
Min 10 15 12 10 18 
Max 28 22 18 17 19 

02-2018 

Mean 14 15 14 13 15 
Min 10 15 8 9 14 
Max 16 16 16 17 17 

05-2018 

Mean 8 16 13 12 15 
Min 6 14 6 9 14 
Max 10 17 16 16 18 

08-2018 

Mean 15 15 14 13 17 
Min 7 10 5 10 16 
Max 20 17 17 18 18 

11-2018 

Mean 19 19 18 18 19 
Min 15 17 14 12 18 
Max 20 21 22 20 20 

 

D-excess of deep groundwater from monitored boreholes (n=4) show mean values between 15‰ 

to 20‰ (Table 6.3). Deep groundwater samples were largely above 10‰ showing that water was 

not subjected to evaporation. High d-excess values in groundwater also indicated recharge from 

sources not influenced by enriched meteoric water. High d-excess in deep groundwater (23‰) 

was recorded in November 2017 and lowest (10‰) was recorded in August 2018 (Table 6.3). 

Shallow groundwater samples showed marked variations in d-excess values throughout the 
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monitoring period (August 2017-December 2018) (Table 6.3). At some sites, high and low 

d-excess values were observed in different piezometers which implied different recharge sources 

of groundwater within the alluvial aquifer. Lowest calculated d-excess values in shallow 

groundwater ranged between 5-8‰ indicating a strong evaporation influence. Low d-excess 

values in shallow groundwater correspond to low values in precipitation which implied recharge 

and the influence of more enriched rainfall events. River water samples showed mean d-excess 

values ranging between 12‰ and 18‰. This implied depletion, however there were low d-excess 

values also recorded i.e. in February and May 2018, showing signs of enrichment. All low 

d-excess values recorded in the main channel were at the lower catchment site (Willowvale) 

which implied evaporation of water as it flowed along the length of the river. Tributary samples 

showed high d-excess and consistent little variation which implied a constant source (Table 6.3). 

Overall, the most non-evaporated samples at all water sources (rainfall, surface water, and 

groundwater) were observed in November 2018 (Table 6.3) which was due to storm events prior 

to sampling which were depleted.  

 

6.5.1.3 Streamflow responses and δ18O variation in various sources 

Streamflow responses and δ18O variation in rainfall, surface and groundwater samples are shown 

in Figure 6.3. Rainfall δ18O compositions fluctuated during the monitoring period with increased 

depletion observed after large events (Figure 6.3). For example, compositions of -83 ‰ for δ2H 

and -13 ‰ for δ18O (depleted), were observed for the large storm event on 2018/09/07-08 (134 

mm), then got slightly enriched in subsequent days with an average of -50 ‰ for δ2H, -9 ‰ for 

δ18O (n=3). 

 

At the upper catchment sites, groundwater samples (KD BH) were more depleted than all river 

samples (KD RV, KG RV and KMP RV) (Figure6.3). At the midcatchment site, tributary and 

borehole samples (i.e. HVPK in Figure 6.3) were depleted and less variable over time. 

Furthermore, deep groundwater monitored at other boreholes at the midcatchment site (JBHL 

and JBHU) also showed consistent depletion in isotopic composition (Figure 6.3). Groundwater 

from the bedrock aquifer discharges into tributaries hence the similarities in isotopic 

compositions (Figure 6.3) and d-excess values (Table 6.3). It is therefore, reasonable to assume 

that the flow contribution into the main river from the tributary sub-catchments consists 

predominantly of groundwater. Deep groundwater was however more depleted than water from 

the tributary because water in the tributary gets slightly enriched as it flows.  
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At Hudsonvale (midcatchment) and Willowvale (lower catchment) sites, river and shallow 

groundwater isotopic compositions showed marked variations over time (Figure 6.3). There were 

no consistent patterns between the river and shallow groundwater isotopic compositions. 

Sometimes the surface water in the river was more depleted than groundwater in the alluvial 

aquifer and vice versa in other cases (Figure 6.3). Similarities in isotopic compositions between 

surface and shallow groundwater samples indicated interactions between the two sources (i.e. 

November 2017 and November 2018 at Hudsonvale and Willowvale sites) (Figure 6.3). Periods 

of low flows and little or no rainfall, isotopic signatures of river water were groundwater 

dominated (i.e. August 2017 and August 2018). Although, isotopic signatures in river water were 

variable at both spatial and temporal scales, samples at the lower catchment site were generally 

more enriched in comparison to river samples at upper and midcatchment sites (Figure 6.3). 

 

Overall deep groundwater at all sites was depleted and less variable over time. The most depleted 

δ18O compositions in all sources were observed in November 2018 because prior to the November 

2018 sampling, the catchment received some notable rainfall events (sum of 252 mm from 

September 2018) and significant streamflow responses. Therefore, the catchment was relatively 

wet compared to previous sampling campaigns. Observed results show similarities in isotopic 

compositions of some rain, river, and groundwater from alluvial and bedrock aquifers indication 

groundwater and surface water interactions (Figure 6.3).  
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Figure 6.3: Variation of δ18O and discharge at main river sites and tributaries from April 2017 to 

December 2019. RV-River, BH-Borehole, KD, KG and KMP are upper catchment sites, HV PZ1 

and 2-piezometers at Hudsonvale, WV PZ4 and 7- piezometers at Willowvale, JBHU and JBHL 

are midcatchment boreholes. 
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6.5.2 Spatial and temporal variations in water physico-chemical parameters. 

6.5.2.1 Variations in electrical conductivity (EC) and chloride (Cl)  

Measured electrical conductivity (EC) and chloride (Cl) results are presented in Figures 6.4 to 

6.7. The scatter plot (Figure 6.4) shows a strong relationship between EC and Cl in the 

catchment (R2=0.88). EC values for surface water ranged from 115-500 uS/cm, 263-1732 uS/cm 

for shallow groundwater and 88-1210 uS/cm for deep groundwater in the catchment. Cl values 

ranges were 9-256 mg/L for surface water, 68-1527 mg/L for shallow groundwater and 17-519 

mg/L for deep groundwater. High EC values and Cl compositions are observed in groundwater 

from the alluvial aquifer due to mineralization. Most samples of deep groundwater and surface 

water plot at low EC and Cl compositions indicating low salinity in this catchment (Figure 6.4).  

 

 
Figure 6.4: Relationship between EC and chloride from different sources (2017-2019) 

 

EC increased from upper to lower catchment sites along the river with mean values ranging from 

249 (µS/cm) upstream to 358 (µS/cm) downstream (Table 6.4). Mean Cl compositions also 

increased similarly. However, Cl compositions were not significantly different between upper 

and midcatchment sites with mean values of 111 and 112 mg/L respectively (Table 6.4).  

Table 6.4: Descriptive statistics for EC and chloride compositions of surface water 

Main river EC (µS/cm) Chloride mg/L 

 

Mean SD Min Max 
Samples 

(n) 
Mean SD Min Max 

Samples 

(n) 

Upper catchment 248.6 93.8 114.7 419 18 111.1 78.9 9.2 256.1 13 

Midcatchment 285.5 70.9 195.8 500 24 112.7 64.8 14.7 248.3 16 

Lower catchment 358.4 60.3 258.2 480 10 133.0 47.7 69.1 205.5 8 
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Box plots of observed mean EC values and Cl compositions in surface water and, shallow and 

deep groundwater from April 2017 to December 2018 are shown in Figure 6.5. Surface water 

samples had low mean EC values and Cl compositions in general (200-400 uS/cm and 

<300mg/L respectively). 

Figure 6. 5: Variation of EC and chloride from surface water or groundwater sites (2017-2019)  
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Surface water EC and Cl show relatively similar ranges as groundwater from the bedrock aquifer 

except for groundwater measured at one borehole (KDBH) in the upper catchment (Figure 6.5). 

Groundwater EC at this borehole was consistently higher (1033 uS/cm average) than EC at other 

boreholes in the catchment (P=<0.001; mean ranging from 200-400 uS/cm) as well as in 

comparison to the adjacent river site (KMD) (P=<0.001). This borehole (KDBH) is located at the 

interface between shale and sandstone which may have contributed to the high EC, as the 

Bokkeveld shale is characterised by high salinity (Greeff, 1994). EC was also notably high in 

shallow groundwater at most sites ranging from 263 uS/cm to 1732 uS/cm. Cl concentration was 

also high in shallow groundwater ranging from 68 mg/L and 1527 mg/L with a mean of 340 

mg/L. Highest values in EC and CL of shallow groundwater were all measured at the same site 

(HPZ2) in a midcatchment wetland (Figure 6.5). Spikes in EC values and Cl compositions in 

groundwater inside wetlands can be attributed to evapotranspiration from soil and wetland 

plant species as some species exclude/lose salts during the process (Smith, 2019). 

 

6.5.2.2 Variations in streamflow responses and EC variation in various 

sources 

Figure 6.6 shows streamflow responses to rainfall and the corresponding temporal variation of 

EC at various sites in the catchment. Observed streamflow exhibited marked spatial and 

temporal variability at the different sites (Figure 6.6). EC values fluctuated at all sites increasing 

progressively as the catchment got dry suggesting the effects of evaporation (i.e. August 2017 

and June 2018). EC values also decreased during wet periods possibly due to dilution effects 

after the November 2017 event i.e. HVPK tributary and borehole, Willowvale river and WV PZ4 

(Figure 6.6). However, shallow groundwater at some sites (i.e. HV PZ2-midcatchment), did not 

show a decrease in EC values after rainfall events.  

In general, EC was highly dynamic, fluctuating along the profile but with a general increase in 

values spanning the river length. Surface water EC was therefore, significantly high at 

Willowvale (lower catchment site), compared to all upper catchment surface water sites (P 

=0.002). However, in general, EC in the main channel and tributaries was consistently lower 

than in shallow groundwater.  

 

Significant differences were shown in EC values between deep groundwater (HVPK borehole) 

and tributary samples (HVPK tributary) (Figure 6.6). Groundwater from the bedrock discharges 

into the tributaries therefore slight differences between the two sources were expected, however 

these results imply that groundwater from HVPK borehole was in a different substrate than 

groundwater that was discharging into the HVPK tributary.  
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Figure 6. 6: EC and discharge variation at main river sites and tributaries from April 2017 to 
December 2019 RV-River, BH-Borehole, KD, KG and KMP are upper catchment sites, HV PZ1 
and 2-piezometers at Hudsonvale, WV PZ4 and 7- are piezometers at Willowvale.  
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6.5.2.3 Spatio-temporal variations in EC in relation to the underlying geology 

Spatial maps on Figure 6.7 show the spatio-temporal variation of EC in the Kromme catchment 

during the 2017 -2018 period at various sites. Similar to isotope results, EC in surface water 

showed an increase along the length of the river moving downstream. However, the surface water 

EC values were generally low (<350 (µS/cm) throughout the monitoring period. There were no 

discernible trends in groundwater EC spatially, as values varied per site.  

 

At the upper catchment site, Kompanjiesdrift (Blue in Figure 6.7), river EC remained low 

throughout (<200 uS/cm). Shallow groundwater EC at this site was generally constant until 

November 2018 when values decreased significantly (Figure 6.7) due to dilution from recharge. 

At the second upper catchment site (green in Figure 6.7), EC in the river decreased from between 

401-600 uS/cm in 2017 to 50-200 uS/cm range in November 2018 becoming much fresh. EC in 

shallow groundwater (KPZG and KPZH) was generally constant implying a constant source 

except at KPZE where EC alternated between the ranges 200-400 µS/cm and 400-600 µS/cm 

suggesting the influences of other factors. 

 

At the midcatchment site, Jagerbos (purple in Figure 6.7), water in the river was more saline than 

in the water in the tributary that get discharge from the peninsula aquifer which is associated 

with low salinity (Smart and Tredoux, 2002). Groundwater at the floodplain borehole (JBHL) at 

this site remained constant (between 200-400 µS/cm), whilst groundwater EC at the upper 

borehole (JBHU) fluctuated between 50-400 µS/cm implying different recharge sources. At the 

second midcatchment site, Hudsonvale (red in Figure 6.7), EC in deep groundwater at HVPK BH 

maintained a constant range between 500-600 µS/cm and EC in the main channel also remained 

constant between 200-300 µS/cm. EC from the two tributaries at this site was also constant. 

Water from tributaries and boreholes from the northern Suuranys mountain range had higher 

EC than tributaries and boreholes from the Tsitsikamma mountain range. Differences in rainfall 

distribution between the two mountain ranges could be the contributing factor. The Tsitsikamma 

Mountains receives more rainfall resulting in increased dilution of water therefore low EC. 

Isotope results of these tributaries and deep groundwater did not show significant differences, 

most samples were depleted which revealed information about recharge only, therefore 

differences shown by EC data revealed some information about substrate influences and 

recharge magnitudes.  

EC in shallow groundwater at the Hudsonvale site was constant at HPZ2 throughout but 

fluctuated significantly at HPZ1 although in close proximity to HPZ2 implying different sources 

contributing to the alluvial aquifer storage at this site.  
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Figure 6. 7: Spatial variations of EC in surface water (SW) and groundwater (GW) during 
sampling campaigns (2017-2018) in the Kromme catchment. Map abbreviations RV–river, TB–
tributary, PZ–piezometer and BH–borehole. All piezometers are in valley alluvial deposit.  
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At the lower catchment site, EC did not show consistent trends and fluctuated at both the river 

and shallow groundwater sites because this site receives contributions from a large contributing 

area and a mix of various sources with different levels of salinity.  

 
6.5.2.2 Spatial and temporal variations of pH in water from various sources 

Observed pH values for surface and groundwater are presented in Table 6.5. Minimum and 

maximum pH values for surface water were 4.5 and 7.4 respectively for main channel water 

samples. Water from tributaries ranged from 4.9 to 7. Mean values were 5.96 and 5.89 for river 

and tributary samples respectively. There was no consistent increasing or decreasing trend in pH 

along the river. 

 

Table 6.5: Measured pH levels at different water sources in the Kromme catchment (2017-2019) 
              pH  

Source Sites 

(n) 

Samples (n) Mean Std. 

Deviation 

Min Max 

River 8 82 5.96 0.55 4.45 7.38 

Tributary 3 36 5.89 0.54 4.88 7 

Shallow groundwater 13 97 5.66 0.44 4.62 6.71 

Deep groundwater 4 31 6.06 0.49 5.01 7.28 

Seep 1 5 6.63 0.60 5.99 7.23 

 

The pH of groundwater from deep groundwater ranged from 5 to 7.3 (Table 6.5). PH in the 

acidic range of 4.6 to 6.7 occurred in shallow groundwater which is associated with leachates 

from the fynbos vegetation dominating the hillslopes (Table 6.5). The mean pH of all water 

sources in the catchment was below 6.6 which is associated with the quartzitic sandstones of the 

TMG that dominate the catchment. The pH results show the influence of the dominating 

underlying lithology and above ground land cover.  

 

6.5.3 Patterns of similarity and variation in water chemistry data from different 

 sources in the Kromme catchment 

To assess patterns of similarity in water quality data, the PCA and cluster analyses results for 

average values for each site/source are presented in Figure 6.8. PC1 and PC2 have eigenvalues 

above two thereby accounting for the largest combined percentage variance in the data set (60% 

total percentage variance). PC1 has a positive loading of 0.5 for δ2H and δ18O and accounted for 

35% of the variance across samples with an eigenvalue of 2.8. PC2 has similar positive loadings 

of 0.5 for EC and Cl and accounted for 25% of the variance with an eigenvalue of 2 (Table 6.6).  
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The positive loadings for both EC and Cl indicate the influence of salinity within the data set. 

PC3 and 4 have positive loadings of 0.6 and 0.8 for ORP and temperature respectively. The high 

loadings and eigenvalues in PC1 and PC2 show the influence of Cl, EC, δ2H and δ18O in 

explaining the variation in water chemistry across the sites compared to the other properties 

measured in the catchment.  

 

Table 6. 6: Results from PCA of water quality data from Kromme river monitoring sites 

PC Eigenvalues %Variation Cumulative % Variation 

1 2.77 34.6 34.6 

2 2.03 25.4 60 

3 1.21 15.1 75.1 

4 1 12.5 87.6 

5 0.66 8.3 95.9 

Variable PC1 PC2 PC3 PC4 PC5 

EC -0.37 0. 5 0.17 -0.11 -0.28 

pH 0.30 -0.13 -0.44 -0.29 -0.76 

Temp -0.03 0.17 -0.4 0.84 -0.2 

2H 0.50 0.22 0.36 -0.01 -0.14 

O18 0.52 0.29 0.25 0.02 -0.03 

D-Ex -0.36 -0.42 0.22 -0.12 -0.34 

Cl -0.35 0.52 0.15 -0.05 -0.27 

ORP 0.02 -0.35 0.6 0.43 -0.32 

 

The PCA and cluster analyses produced almost similar resulting clusters shown on dendogram 

and PC1 vs. PC2 axes (Figure 6.8a and Figure 6.8b). The results show three distinct clusters of 

water samples with similar parameter compositions (Figure 6.8). The first cluster consists of six 

sites; three upper catchment main river sites, two midcatchment tributary sites and a 

midcatchment mountain seep forming a tributary headwater. The upper catchment river sites 

are in close proximity therefore most likely influenced by the same hydrological processes. The 

seep (HVPK SP) discharges into the tributary (HVPK TB), hence the similarities in parameter 

compositions. Tributaries HVPK TB and JTBU are in the same cluster although they are located 

on opposite sides of the valley. This suggests similar pathways discharging into tributary flows in 

both mountain ranges, likely linked to the dominant Peninsula formation. However sampling 

along the tributaries appeared to impact the sampled properties, particularly their isotopic 

composition. Samples collected upstream in the narrow valleys of tributaries (JBTU and HVPK 

TB in cluster 1) were depleted whilst samples collected close to the tributary confluences with 

the main channel (JBTD and Witels in cluster 2) were enriched.  
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Figure 6.8: PCA and dendrogram results showing patterns of similarity in water quality data 

from various sources monitored in the Kromme catchment from 2017-2018.  
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JBTU and JBTD are samples from the same tributary but samples collected at different locations 

and fell into different clusters. Enrichment of the more downstream samples may be due to 

evaporation from the channel over the reach and/or addition of more enriched water into the 

tributary channels as they flow across/through alluvial fans at their terminus. 

 

Cluster two consists of 11 sites; four groundwater sites, two tributary sites and five main channel 

samples. All the groundwater samples from the alluvial aquifer in this cluster are located in 

wetlands except for KPZH which is located just outside a wetland therefore probably getting 

similar subsurface water contributions from the wetland.  

 

Cluster three consists of ten sites which are all subsurface samples; seven shallow groundwater 

samples and three deep groundwater samples. All the shallow groundwater samples are from 

upper catchment sites. All deep groundwater samples measured in the catchment fall into this 

cluster and most of these samples have relatively saline subsurface water (Figure 6.8).  

 

6.5.4 Tracer based source components separation  

Using combinations of δ2H, δ18O and Cl values from different sources, Table 6.7 shows results 

from a three component tracer-based source component separation done. The selected end 

member components for this separation were direct runoff and baseflow from shallow and deep 

groundwater. Direct runoff in this separation is water contributing to streamflow immediately 

after rainfall events, in addition to rainfall, this water can also include overland flow and 

displaced old water from the saturated and unsaturated zone (Cartwright et al., 2014). Baseflow 

is water which sustains streamflow between rainfall events particularly during dry periods such 

as groundwater from the alluvial aquifer and groundwater from bedrock aquifer.  

 

In some cases the streamflow samples did not fall within the range of values defined by the three 

end-member samples used for potential water sources, hence the blanks in the results (Table 

6.7). This meant that the samples used did not fully represent all the sources contributing to 

streamflow at the time of sampling. In other cases, separations failed to work when end members 

for streamflow, and groundwater used were not sampled soon after the event of the rainfall 

sample used. When separations were valid for two or more tracer pairs and consistent across 

pairs, this reflected and confirmed the estimated contributions from the selected end members. 

From the three tracer combinations used δ2H and Cl, and δ18O and Cl worked best compared to 

δ2H and δ18O. 
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All locations (headwaters, midcatchment and downstream) show variability in estimated 

proportions from different sources for the sampling results presented (Table 6.7). The tracer 

based separation showed that at the sampled times 2017, streamflow in the catchment was 

dominated by groundwater shown by combined shallow and deep contributions of up to 98% 

(Table 6.7). 2017 was a relatively dry year therefore baseflow sustained river flows. The year 2018 

was relatively wet compared to 2017 and an increase in estimated direct runoff proportions was 

observed in 2018 (May and August).  

 

In general, streamflow at the upper catchment sites was dominated by groundwater 

(combination of both shallow and deep groundwater) except for August 2018 (Table 6.7). At the 

mid and lower catchment sites, proportional contributions from the different sources varied but 

groundwater dominated the river samples in 2017 (Table 6.7). 
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Table 6.7: Three component tracer based separation for sites along the Kromme River. 

Date Status of the catchment Site 

Tracer 

Combination

s 

Direct 

runoff 

Baseflow  

MAE (%) 

Alluvial aquifer Bedrock aquifer 

November 

2017 

 

Sampling was done during a 

recession period 7 days after a 

peak of 0.31 m
3
/s.  

Upper catchment (KMP) 
δ

18
O -Cl 2% 3% 95% 1% 

δ
2
H -Cl     

Upper catchment (KMP) 
δ

18
O -Cl 2% 2% 96% 1% 

δ
2
H -Cl     

Midcatchment (HV) δ
2
H -Cl 17% 5% 79% 2% 

Lower Catchment (WV) 
δ

18
O -Cl     

δ
2
H -Cl 5% 28% 67% 3% 

December 

2017 

Sampling was done late during a 

recession after a peak of 5.5m
3
/s 

after a large event of 48 mm/day 

which came after a long dry 

period. Series of small events 

(<5mm) leading to 5 days before 

the sampling date 

Upper catchment (KMP) - - - - - 

Midcatchment (HV) 
δ

2
H -Cl 3% 96% 1% 4% 

δ
2
H -Cl 3% 97% 1% 4% 

Lower Catchment (WV) δ
18

O -Cl 1% 88% 10% 2% 

May 2018 

The catchment received a few 

rainfall events (<12mm/day) in the 

previous weeks leading to this 

sampling.  

Upper catchment (KMP) 
δ

18
O -Cl 22% 44% 33% 3% 

δ
2
H -Cl         

Midcatchment (HV) 

 

δ
2
H -Cl 61% 34% 5% 4% 

δ
2
H -Cl 62% 34% 3% 4% 

Lower Catchment (WV) - - - - - 

August 2018 

The catchment received several 

rainfall events in the previous 

weeks leading to this sampling 

ranging from 7-13 mm/day. 

Samples were collected 

mid-recession of a 0.16 m
3
/s peak 

Upper catchment (KMP) δ
18

O -Cl 78% 19% 3% 0% 

Midcatchment (HV) 
δ

2
H -Cl 72% 26% 2% 3% 

δ
2
H -Cl 70% 27% 3% 4% 

Lower Catchment (WV) - - - - - 

November 

2018 

Relatively wet period in the 

catchment prior to this sampling 

campaign. Samples collected 3 

days after a peak of 0.31 m
3
/s. 

Upper catchment (KMP) δ
2
H -Cl 8% 46% 46% 1% 

Midcatchment (HV) δ
2
H -Cl 39% 19% 42% 2% 

Lower Catchment (WV) δ
2
H - δ18

O 4% 75% 21% 1% 

Blank entries means chemical compositions were outside the ranges of the potential source end member samples for those tracers. 
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There was no distinct trend shown in individual source contributions at each site across the 

samples, however, in most cases, higher proportional contributions were shown from a 

combination of groundwater from both the alluvial and bedrock aquifers. Results of the three 

component source separation therefore highlighted the importance of groundwater in sustaining 

river flows in this catchment particularly during low flow periods. These snapshot sample results 

cannot be generalised to estimate annual contribution values for these source components, but 

they give an idea of the variability of the flow components spatially and temporally. 

 

6.6 DISCUSSION 

Results from stable isotopes combined with geochemical tracers gave invaluable insights on 

flowpaths and the identification of relationships between rainfall, streamflow and groundwater 

in the Kromme catchment. Overall, most water samples from the different sources plotted on or 

slightly below the LMWL but above the GMWL indicating meteoric origin and minor evaporative 

enrichment in most samples as explained by Farid et al. (2013). Isotopic compositions of 

rainwater were generally depleted after storms. This is because rainfall isotopic signatures are 

influenced by temperature, season as well as continental effects (Dansgaard, 1964; Kendall and 

Coplen, 2001; Otte et al., 2017). River water samples generally became increasingly enriched 

along the river length moving downstream. Similar patterns have been observed in other 

catchments explained by cumulative evaporative effects (i.e. Saraiva Okello et al., 2018; J. Zhou 

et al., 2015). This was expected under semi-arid climatic conditions for surface water to be 

dominated by evaporation as reported by Kebede et al. (2009). Overall, although river water 

samples got enriched moving downstream of the river, some locations at river confluences with 

tributaries were depleted indicating influences of depleted contributions to the channel from 

mountain tributaries and springs. Similar results have been reported in other TMG catchments 

where springs from the highly fractured sandstones contributed significantly to river flows 

(Mokua et al., 2020). Boreholes, springs and tributary samples at high elevation locations were 

depleted whilst low elevation samples in the main channel were slightly enriched showing 

depletion with an increase in elevation as reported by Midgley and Scott (1994).  

 

Similarities of δ18O and δ2H isotopic signatures observed in some surface and groundwater 

samples indicated mixing and interactions between the sources (Wu et al., 2018; Yeh et al., 2014; 

Zhang et al., 2018). The close link in isotopic composition between some groundwater and 

surface water samples confirmed that groundwater sustains river flows as shown by hydrometric 

data. Furthermore, tracer based source component separation also showed that groundwater 

sustained river flows particularly during low flow periods.  
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EC and Cl were used as additional tracers to characterize and improve the hydrological 

understanding of processes (Wenninger et al., 2008). Similar to the trend observed in river 

isotopic compositions, EC values generally increased along the length of the river with high 

values recorded downstream of the catchment due to evaporation. Low EC values (<350 μS/cm) 

were observed in surface water which is expected in most of the TMG quartzitic sandstones 

dominated catchments due to their low content of dissolved minerals (Hugenschmidt et al., 

2014). The EC in deep groundwater was also generally low (EC <1000 uS/cm), associated with 

the fractured sandstone formations characteristic of the TMG regions which are not largely 

associated with high salinity. Mean EC values associated with Peninsula formation in this area 

are 100 μS/cm with maximum values of 260 μS/cm, whilst water from Nardouw formations have 

mean EC values of 300 μS/cm and a maximum of 1550 μS/cm (Smith et al., 2002). Low EC 

values in groundwater were also an indication of freshwater implying pronounced aquifer 

recharge by direct rainfall which was consistent with the isotope tracer results that showed 

meteoric origin in most of the groundwater samples. High recharge in these weathered and 

fractured sandstones results in dilution (Wu, 2009). Groundwater from the alluvial aquifer was 

more mineralized (high EC) than groundwater from the bedrock aquifer as expected because 

groundwater from TMG bedrock is usually less mineralized which is consistent with other TMG 

studies. However in comparison to other systems, groundwater from bedrock aquifers is usually 

more mineralized (Hamutoko et al., 2017). There were no significant differences between Cl 

compositions in surface water and groundwater from the bedrock aquifer. However, similar to 

EC observations, high Cl was observed in groundwater from the alluvial aquifer which may have 

been due to contact with rock minerals associated with high Cl or EC such as the Bokkeveld 

shales dominant in the catchment. Cl concentration in soil water also increases in the vadose 

zone when trapped by soils and plant roots after evapotranspiration processes (Guo et al., 2017).  

 

TMG catchments have various arrangements of aquifer layers and different ways the river valleys 

have formed that will lead to different groundwater-surface water interactions. The Kromme has 

different arrangements compared to other TMG catchments such as the Jonkershoek (Midgley 

and Scott, 1994), Hex catchment (Roswarne, 2002) and many others (Xu et al., 2009), therefore 

interactions between groundwater and surface water may differ. The Kromme has a TMG 

syncline with shale (aquiclude) along the valley access. The Peninsula formation contributes 

bedrock groundwater to the main channel through the tributaries and springs (Figure 6.12). 

Similar to other studies in semi-arid catchments (Camacho Suarez et al., 2015; Hrachowitz et al., 

2011; Munyaneza et al., 2012; Wenninger et al., 2008), the importance of groundwater was 

highlighted through different methods in this study. However, the study was carried out during 
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drought conditions which was useful for looking at low flow conditions and flowpaths that 

support baseflow. Additional work is still needed in the future i.e. storm responses and wet 

periods in general.  

 

6.7 Updated Conceptual Model of the Kromme Catchment 

The hydrometric data revealed the occurrence and dominance of particular flowpaths and 

processes in the Kromme catchment however, some of the conceptualised processes needed to be 

quantified. For example, subsurface flow from the floodplain alluvial aquifer and mountain 

bedrock aquifer into the river maintains the baseflow however the relevant quantities and how 

they differ between dry and wet periods remained unknown. Isotope and physico chemistry data 

were used to confirm and quantify some of these processes.  

Most tributaries in this catchment have continuous surface flow throughout their length and 

contribute surface flow to the main channel (Figure 6.9). Mountain bedrock aquifer flow into 

tributaries was observed through seeps which are formed at the interface between the fractured 

rock and aquicludes (shale layers). Similarities in isotope samples of the seep and tributary water 

confirmed the constant groundwater contribution to tributary surface flow even during dry 

periods.  

 

Tracer based source component separation showed that groundwater from both the alluvial and 

bedrock aquifers sustained streamflow with combined contributions of up to 98% during the dry 

period. Large rainfall events were needed for percolation and recharge during dry periods 

because the vadose zone was dry and more water was used by the plants resulting in little 

infiltration. However, groundwater from the bedrock aquifer still discharged into tributaries as 

seeps were observed in some parts sustaining surface flows. Some of the flow came along the 

drainage line in the tributary alluvium and entered the floodplain alluvial aquifer as subsurface 

flow via the alluvial fans (Figure 6.9a). Most tributaries had surface flow even through very dry 

periods showing the importance of groundwater from the bedrock aquifer in sustaining baseflow. 

Shallow groundwater within the floodplain aquifer went down over time during the dry period 

however, the river was still gaining from the groundwater from the alluvial aquifer (Figure 6.9a). 

Groundwater within the floodplain aquifer was recharged by precipitation and received some 

subsurface flows from the bedrock aquifer through tributaries and alluvial fans (Figure 6.9a). In 

general, groundwater from the alluvial and bedrock aquifers contributed significantly to river 

flow (> 90% in some cases).  
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Figure 6.9: Conceptual model of flowpaths in the Kromme Catchment during (a) dry and (b) 

wet periods from 2017-2019 observations.  
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During wet periods infiltration and percolation reaches the shallow fractured rock layer and 

pushes older water in this layer to the channel or to the alluvial aquifer thereby raising the 

gradient of the floodplain water table resulting in increased alluvial aquifer flow to channel 

Figure 6.9b). Infiltration in the alluvium also causes causing push-through of old soil water into 

river channel after storm events. The main channel was gaining from the alluvial aquifer 

throughout the study period during both wet and dry periods (Figure 6.9).  

 

6.8 CONCLUSION 

Hydrochemical and stable water isotope approaches, coupled with statistical and hydrometric 

time-series data analysis were applied to assess and characterize flowpaths and sources 

governing streamflow generation in the Kromme catchment. The spatiotemporal variability of 

environmental and geochemical tracers gave valuable information about flowpaths, stream water 

sources and how proportions of different sources varied at both spatial and temporal scales. The 

combination of different methods led to the improvement of the conceptual model of flowpaths 

in the catchment. Coupled EC values, Cl and isotopic compositions were effective as indicators 

for flowpaths, sources and proportional contributions to river flows however their application 

alone or on individual basis in large scale, highly fractured catchments can be challenging due to 

low temporal variation. Tracer data reflected constant groundwater contribution to surface flow 

from bedrock spring discharge and from the alluvial aquifer. An important finding from this 

study was the high baseflow contribution to total flows during both dry and wet conditions 

thereby showing groundwater discharge as an essential source sustaining surface flows in 

semi-arid regions. Direct infiltration and percolation of rainfall in the mountains was shown to 

be the primary groundwater recharge source through the analysis of isotopic compositions.  

The isotope and physico-chemical data proved invaluable in quantifying proportions of water 

from different sources into the channel and to show how these contributions vary at a temporal 

scale. Results of this study contribute to a process based understanding and conceptualization of 

flowpaths and source water contributions at meso-scale in semi-arid mountainous catchments. 

 

http://etd.uwc.ac.za/ 
 



128 
 

CHAPTER 7: MODELLING IMPACTS OF SELECTED LAND COVER TYPES ON THE 

HYDROLOGICAL RESPONSES OF A SEMI-ARID MESO-SCALE, MOUNTAINOUS 

CATCHMENT 

Abstract 

Hydrological modelling has become an important tool to understand the complex interactions 

between climate, land cover types and hydrological processes particularly in mountainous 

catchments. However, in order to achieve this, there is need to balance the purpose of the 

modelling exercise, available data and knowledge of the catchment’s hydrological processes. 

This chapter employed hydrological modelling to assess vegetation impacts on hydrological 

processes in the semi-arid Kromme catchment, South Africa. The aim was to assess potential 

hydrological impacts of current and other selected land cover change scenarios in a meso-scale 

semi-arid, mountainous catchment. A conceptual understanding of key hydrological processes 

in the catchment gathered from field hydrometric, isotope and hydrochemical data was used to 

inform the structure of a quantitative numerical MIKE SHE model. Selected scenarios of land 

cover change were simulated and results were assessed for water supply (streamflow and 

groundwater) impacts. The model was run with 15 years of climate data (2003-2018). Model 

outputs suggested that alien clearing resulted in significant impacts on streamflow as well as 

floodplain groundwater levels. Predicted results also indicated that regeneration of palmiet 

wetlands in the floodplain reduced flood peaks by 9 %, and groundwater levels increased by 

13%. Baseflow increased by 9% and the total outflow increased by 4%. The water table was 

predicted to rise with alien clearing and palmiet regeneration. Predicted results also indicated 

that wattle trees use more water in riparian areas where it is readily available than upland areas. 

The proportional changes in actual ET and runoff per unit area increase in alien invasion were 

high in the floodplain than the upland areas. The modelling exercise highlighted potential 

impacts of selected vegetation types on the hydrological response of a semi-arid meso scale 

mountainous catchment. Results can be used to guide restoration planning in the region. 
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7.1 INTRODUCTION 

Land cover types particularly vegetation, influences the water balance of a catchment through 

different processes such as transpiration, interception, infiltration and percolation (Yang et al., 

2021). Most deep-rooted woody vegetation has high water use rates compared to shrubs and 

herbaceous plants. Therefore, invasion of grasslands and shrub land ecosystems by woody 

plants, particularly alien trees result in reduced dry season flows. The extent to which vegetation 

types influences a catchment's hydrological response depends on the density and area covered 

and the location of the vegetation type within the catchment (Le Maitre et al., 2015). Vegetation 

of the same species can have greater water use in riparian areas where water is readily available 

than upland areas (Le Maitre et al., 2015). The extent however, of these effects particularly in 

semi-arid mountainous regions is yet to be fully understood and quantified. To gain insights into 

the hydrological functioning of mountainous catchments and their responses to land use and 

land cover types and vulnerability to changes thereof, hydrological modelling has proved to be 

an important tool (Rangecroft et al., 2018). Studies of land cover changes have used models to 

assess the likely hydrological responses by simulating scenarios of land cover change (Leta et al., 

2021; Rebelo et al., 2015; Sanyal et al., 2014). These models require structures that are sensitive 

to land cover changes and which can conceptualize and adequately represent hydrological 

processes (Devia et al., 2015; Glenday, 2015). This chapter employed hydrological modelling to 

assess potential hydrological (streamflow and groundwater) impacts of selected land cover 

change scenarios in the Kromme catchment, South Africa.  

 

The Kromme catchment was selected as a case study site of semi-arid meso scale (360 km2) 

mountainous catchments that is regionally important for water supply but also subjected to 

woody alien plant invasions. The Kromme River discharges into the Churchill and Impofu dams 

which are major water supply reservoirs in the region. A previous modelling study of land cover 

change in the catchment showed that clearing of wattle and restoration of palmiet wetlands to 

their previous condition in the 1950s would result in an increase in river flows by approximately 

1.13 Mm3 per year (Rebelo et al., 2015). Studies in other catchments have shown considerably 

higher water use by Acacia species invasions than indigenous fynbos and grass they often 

replace (Dye and Jarmain, 2004; Le Maitre et al., 2015). Field measurements and estimates of 

transpiration rates for black wattle ranges from 740-1500 mm/year (Clulow et al., 2011; Dye and 

Jarmain, 2004; Meijninger and Jarmain, 2014), compared to 600-900 mm/year for grassland 

(Calder and Dye, 2001; Dye and Jarmain, 2004), 600-950 mm/year for fynbos (Calder and Dye, 

2001), and approximately 695 mm/year for palmiet (Rebelo, 2012). Clearing of areas invaded by 

black wattle and the subsequent regeneration of herbaceous plants is, therefore assumed to 

positively impact water supply in the catchment. 
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In order to evaluate water supply impacts of possible scenarios of land cover change, it is 

important to balance the purpose of the modelling exercise (investigative), knowledge of the 

catchment’s hydrological processes (Hrachowitz et al., 2013; Uhlenbrook et al., 2004) and 

available data (Wagener et al., 2001). Hydrological modelling in mountainous catchments is 

challenging particularly at large spatial scales due to the inherent complexity of the intertwined 

processes controlling water transfer from steep headwaters and hillslopes to streams. 

Furthermore modelling is challenging in these catchments due to the lack of both hydrological 

and meteorological data to validate and force models (Camacho Suarez et al., 2015). Emerging 

approaches rely on existing data to understand internal processes and provide better ways to 

improve hydrological modelling through the use of data informed model structures. Available 

data can to be analysed systematically for patterns that indicate the dominance, occurrence and 

thresholds for the occurrence of particular flowpaths, responses and other processes (Clark et al., 

2008; McMillan et al., 2011). Recommendations for the model structure decisions will then be 

based on the knowledge gathered from the data, i.e. annual runoff ratios can be used to infer 

evapotranspiration (ET) influences on the dominant model reservoirs. Ratios can also be used to 

balance model parameters controlling quick and slow flow production. Variability in baseflow 

proportions indicates outflows from different storages leading to the use of multiple reservoirs in 

the model to represent the different aquifer storages.  

 

In the current conceptual model of the Kromme catchment, surface and subsurface flows from 

perennial tributaries play a significant role in recharging the floodplain alluvial aquifer as well as 

contributing to main river flows even during dry periods, as described in Chapters 4 and 6. 

Invasion of uplands by black wattles could reduce surface and subsurface flows from tributaries 

as well as reducing recharge of both the bedrock and floodplain alluvial aquifers due to 

increased canopy interception and transpiration.  

Additionally, while lower long-term yields would be expected, it is possible that wattle invasion 

could increase the magnitudes of stormflow peaks. The steep and rocky areas that make up 

much of the catchment result in large contributions of quick flow for short periods after storms. 

Invasion by black wattles has been observed to result in more incised and wider channels 

(Pietersen, 2009), which would conduct flows more quickly creating larger peaks.  However 

drier antecedent conditions due to increased transpiration could reduce event runoff generation, 

particularly from smaller events and those in drier periods. The regeneration of floodplain 

palmiet wetlands, on the other hand, could lead to reduced peaks due to their high surface 

roughness and little to no channelization,  accompanied by increased delayed flows and 

outflows overall. At the same time, during particularly wet periods, the wetter antecedent 

conditions expected in palmiet wetlands compared to other cover types could reduce their 

capacity to attenuate floods.  
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The Kromme floodplain alluvial aquifer was observed to make notable contributions to river 

flows, particularly during dry periods.Invasion of floodplain and riparian areas by black wattles 

could lower the floodplain water table and therefore reduce its contributions to streamflow and 

reduce overall catchment yield. In contrast, regeneration of palmiet wetlands in the floodplain 

could increase recharge of the alluvial aquifer, and thereby increase baseflows and potentially 

long-term catchment outflow. Streamflow and baseflow in particular, is therefore likely to be 

vulnerable to landcover changes that might impact groundwater within the floodplain aquifer.  

 

Considering these observations and hypotheses about impacts on flood peaks, baseflow, and 

overall yield, a model that can handle the combined mountain and floodplain landscapes which 

are important for assessing vegetation impacts at different locations was required. The Kromme 

catchment has unique topographical and geomorphological characteristics. The central valley, 

created by a syncline, runs between parallel mountain ranges (trellis drainage pattern) with 

steep, deeply incised, tributary valleys that are perpendicularly oriented to the main valley. To 

capture processes and these catchment characteristics, the MIKE-SHE platform was used to 

simulate hydrological responses to changes in land cover types in the catchment. Floodplain and 

valley bottom processes were modeled using a hydraulic model for the floodplain and channel 

processes coupled with a distributed hydrological model of the different land units connected to 

the central valley. This was done following previous studies that have coupled hydraulic and 

hydrologic models for a better representation of observed processes at large spatial scales 

(Glenday, 2015; Hipsey et al., 2011; Neachell, 2014). This was also done to capture the 

connection between the channel and the alluvial aquifer. The spatially and vertically distributed 

model allowed targeted analyses of the influence of alternative vegetation cover scenarios on 

particular flowpaths and processes at different locations in the catchment.  

 

To assess the impacts of selected scenarios of land cover change on hydrological processes, the 

following questions were addressed: 1) what is the average change in flow in this particular 

setting under selected land cover change scenarios? 2) To what extent is the location of specific 

land cover within a catchment (riparian vs. upland) important to the streamflow response of that 

catchment? 3) How are baseflows and peak flows likely impacted by land cover change (wattle 

invasion or palmiet regeneration)? The modelling results were assessed in terms of surface water 

and groundwater impacts for each modelled land cover scenario.  

 

7.2 MATERIALS AND METHODS  

7.2.1 Study area 

Figure 7.1 shows the topography, geology, land units and land cover maps used for the modelling 

however, detailed descriptions of the study site, monitoring locations, geology, land use, and 

other physiographic characteristics of the catchment are presented in Chapter 3.  
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Figure 7. 1: (a) Location of the Kromme catchment in South Africa, DEM and monitoring 

locations (b) geological map of the catchment (c) delineated land units and (d) the dominant 

landcover types 
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7.2.2 Land unit discretization 

The catchment was discretized into topographic units to allow process representation 

differentiated by topography and geology. Processes such as runoff responses at meso scale are 

influenced by the underlying geology and the complex topographic properties in mountainous 

catchments give rise to various response characteristics at different scales. The spatial 

discretization at the level of topographic landscape units was also necessary for selection of 

parameter ranges of the selected land cover scenarios. The Height Above the Nearest Drainage 

(HAND) developed by Nobre et al. (2011) was used to delineate the topographic land units. 

HAND relates the elevation of each point to its nearest stream and assigns values to each grid 

cell (Gharari et al., 2011; Savenije, 2010). Using the SU-DEM (van Niekerk, 2016) and ArcHydro 

tools, land units were classified using geology, slope, and HAND in ArcMap 10.2. HAND values 

were then combined with the slope values and set thresholds to define the topographic land units 

used in the modelling exercise. The landscape was broken into eight units (plateaus, cliffs, 

canyons, hillslopes, toeslopes, alluvial fans, floodplain and water bodies), assumed to have 

different characteristic hydrological responses based on field observations, land use and 

topography (Figure 7.1c). Table 7.1 shows the distribution and area of mapped topographic units. 

 

Table 7.1: Distribution of mapped land units in the Kromme catchment 

Topographic land unit Area (km2) % of catchment 
Plateau 112.03 31 
Cliff 45.48 13 
Canyon floor 14.41 04 
Hillslope 125.12 35 
Toe slope 46.29 13 
Alluvial fan 3.29 01 
Floodplain 10.79 03 
Dam 2.01 01 

 

7.2.3 Data used  

Hydrological data collected in the Kromme catchment are summarised in Table 7.2. Rainfall 

data were obtained from rainfall gauges provided by the South African Earth Observation 

Network (SAEON) and weather stations owned by the Agricultural Research Council (ARC), the 

South African Weather Services (SAWS), and the Department of Water and Sanitation (DWS) at 

Kareedouw and Cape St Francis (by Churchill dam).  

Table 7.2: Hydrometric field data collection in Kromme catchments 

Data Instrument Quantity Data type Frequency 
Rainfall Raingauge 4 Time series Hourly 
Groundwater Piezometer (PT) 2 Time series Hourly 
Groundwater Piezometer (MM) 18 Manual 2-3 months 
Groundwater Borehole (PT) 2 Time series Hourly 
RV River (PT) 4 Time series Hourly 
SWC Soil Probe 3 Time series Hourly 
Water Quality YSI multi-probe All sites Manual 2-3 months 
RV- River water stage, SWC-Soil water content, PT- Pressure transducer, MM- Manual  
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Piezometers and boreholes were used to monitor groundwater levels from the alluvial and 

bedrock aquifers respectively. Soil water content variation was monitored using soil probes at 

selected floodplain sites with different vegetation types. Stream water levels were monitored 

using pressure transducers. Water level data were then used to estimate streamflow based on 

rating curves. Land use and land cover data was obtained from mapped vegetation cover of the 

area (Euston-Brown, 2006). The topographic data were derived from the SU-DEM (van Niekerk, 

2016) with a 5 m resolution aggregated to 10 m for floodplain processing and 100 m for model 

use. Daily data was used to force the model. Spatial rainfall and PET data for the catchment were 

estimated using rain gauge and temperature data from stations within the Kromme Catchment 

(SAEON, SAWS and ARC). PET was estimated using the Hargreaves and Samani method (1985). 

The data were scaled using rainfall and temperature surfaces estimated by Lynch (2004) and 

Schulze (2004) respectively at 2km resolutions. More details are given in Chapter 4 section 

4.3.3. Calendar years (1 January to 31 December) were used in the model and model results 

analysis.  

 

7.2.4 Model Set up 

The MIKE SHE model was set up with a 100 m grid cell size. The model explicitly calculated 

canopy interception, infiltration, percolation, and ET by grid cell. Surface and subsurface flows 

in MIKE SHE are routed between grid cells based on the topography, hydraulic conductivity and 

head gradients. Spatially distributed climate time series inputs were used. The following MIKE 

SHE process representation options were used: 

 

 Overland flow – was calculated across grid cells, using finite difference with distributed 

Manning M, and detention storage values. Initial water depth over the whole catchment was 

set at zero. 

 Unsaturated flow – a two layer unsaturated zone was used, water content, soil profile 

porosity, field capacity, hydraulic conductivity parameters were assigned to grid cells using 

the distributed input soil map. The two layer water balance method was used, which 

comprises canopy interception, ponding and ET, adopted from Yan and Smith (1994). The 

unsaturated zone was represented by two layers in which actual ET was calculated as well as 

water that percolates to recharge the saturated zone. The root zone was in layer one where 

evapotranspiration could occur. The thickness of layer one included the root depth added to 

the thickness of the capillary fringe (ET surface depth in MIKE SHE). Layer two was below 

the active root zone in which evapotranspiration does not occur.  

 ET method (Kristensen and Jensen, 1975) – evapotranspiration processes in MIKE SHE, are 

modelled in different steps (a) evaporation of water intercepted by vegetation canopy, (b) 

evaporation from ponded water and from the soil surface, (c) evaporation from the upper 

root zone as well as transpiration by plant roots (d) transpiration by plant roots that reach 
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the water table or water drawn from the saturated to the unsaturated zone by capillary 

forces. In the subsurface, ET calculation varies depending on the level of the water table. ET 

is calculated at maximum rate from the saturated zone when the water table is at/or above 

the bottom of the active root zone. If the water table drops below layer one, ET from the 

saturated zone seizes but continues to remove available water from the capillary fringe. 

When the water table is close to the surface, ET is also calculated at maximum rate, drawing 

water from the water table by capillary action. If the water table is deep, transpiration by 

plant roots occurs directly from the saturated zone because the plant roots can reach the 

capillary zone. 

 Saturated flow – was calculated using the finite difference approach between grid cells and 

layers. The layers were configured as shown in Figure 7.2. The major bedrock aquifer layers 

in this catchment are Peninsula and Nardouw whilst the Cedarberg and Bokkeveld shales 

were assumed to be aquicludes based on literature (Colvin et al., 2007; Xu et al., 2009). The 

Tallus layer was added on top of the peninsula to act as an interflow layer with relatively 

high hydraulic conductivity compared to the Peninsula layer (Figure 7.2). In the model, the 

Nardouw aquifer, Cedarberg and Bokkeveld shales were set up as lenses which are regarded 

as discontinuous layers within geologic units in MIKE SHE. Groundwater flow from the 

alluvial aquifer was modelled using the finite difference 100 m grid cells with a dynamic 

connection between the aquifer and floodplain channel.  

 

Figure 7.2: Representation schematic of the geological layers and lenses of the Kromme 

catchment in the MIKE SHE model. 

 

MIKE SHE automatic calibration was carried out to try to optimize parameter sets using a range 

of parameter values selected for each component. Parameter ranges selected for Peninsula and 
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Nardouw aquifers as well as the Cedarberg and Bokkeveld aquitards were based on literature 

values. Initial potential heads for Tallus and Peninsula were -6 m and -20 m respectively. 

Vegetation parameter sets were also derived from published literature values. Model calibration 

was done against estimated dam inflow at catchment outlet from 2003 to 2018. The different 

variables and parameter sets and values used from sampling and literature (Cornelius et al., 

2019; Dzikiti et al., 2014; Garcia et al., 2016; Le Maitre et al., 2015; Rebelo et al., 2015; Smith and 

Tanner, 2019) are presented in Tables 7.3 to 7.5.  

 

Table 7.3: Parameters values for the upper Kromme catchment dominant vegetation types 

 
Cover type 

Max canopy 
interception  
(mm/day) 

Max root 
depth 
(mm) 

ET 
coefficient 

(ETk) 

 
LAI 

Palmiet wetland 1 3000 0.6 1.8 

Riparian woodland 2.5 3000 0.8 3 

Fynbos 1 1500 0.5 1.5 

Fynbos cliff (sparse) 0.25 2500 0.15 0.35 

Wattle (dense stand) 2.5 5000 1.1 5 

Pine (dense stand) 2.5 5000 1 5 

Fruit orchard 0.5 2000 0.8 2 

Irrigated pasture 0.5 500 0.7 1 

 

Table 7.4: Soil parameters used in the base model per land unit 

Landscape unit K (m/s) Saturation Field capacity Wilting point 

Floodplain 4.4E-05 0.40 0.20 0.05 

Palmiet wetland 1E-04 0.60 0.30 0.10 

Alluvial fan 5.4E-05 0.43 0.18 0.05 

Narrow valley 9.4E-07 0.40 0.15 0.05 

Toe-slope 9.4E-07 0.44 0.18 0.05 

Hillslope 4.2E-08 0.42 0.20 0.08 

Cliff 5E-08 0.05 0.02 0.005 

Plateau 2.9E-06 0.40 0.18 0.05 
 

Table 7.5: Hydrogeological parameters for the Kromme geological layers and lenses 

 

 
Layer/lense 
aquifer unit 

 
Lower 
level (m) 

 
Thickness 

(m) 

 
Horizontal 
K (m/s) 

 
Vertical 
K (m/s) 

 
Specific 
yield 

 
Storage 
Coefficient 

Alluvium -10 10 9.7E-04 3.5E-06 0.2 1E-04 

Tallus -10 10 2.9E-08 2.3E-05 0.2 1E-04 

Bokkeveld -210 200 0 0 0.2 1E-04 

Nardouw -1410 1400 5.4E-12 2.5E-12 2.6E-04 2.95E-05 

Cederberg -1640 230 0 0 0.2 1E-04 

Peninsula -2500 1100 5.4E-12 2.5E-12 3.9E-04 3.9E-04 
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7.2.5 Model performance evaluation 

The Nash-Sutcliffe coefficient (NSE), the regression coefficient (R2), mean absolute error 

(MAE), and root mean square error (RSME) were used to evaluate model performance at a daily 

time step. R2 values range between 0 and 1 (optimal), NSE values range from -∞ to 1 (optimal). 

For better analyses of low flows, the NSE of log transformed daily flow values was used, referred 

to hereafter as ‘Log NSE’. To capture small differences in the performance evaluation, additional 

analyses were also performed on streamflow results specifically focusing on particular events 

(De Boer-Euser et al., 2017; Glenday, 2015). Shapes of daily hydrographs of selected events were 

analysed to assess the model’s simulation of observed peak discharges as well as flow duration 

curves to evaluate low and high flows. Furthermore, a comparison of processes and patterns 

from hydrometry, isotopes and predicted results was done as part of the model performance 

and realism assessment.  

 

7.2.6 Development of land cover change scenarios 

Scenario runs were developed to assess potential impacts of possible future land cover changes. 

The calibrated model was run for each selected scenario with 15 years of climate data 

(2003-2018). The first 5 years of the model run (2003-2007) were used as a warm up period for 

groundwater levels. Streamflow and groundwater change analyses for each scenario were done 

for a 10 year period (2008-2018). Calendar years (1 January to 31 December) were used for 

analyses. The current land cover was used as a baseline to compare with selected scenarios of 

change. Single change scenarios were done in which one aspect of the current land cover was 

changed whilst all other aspects remained the same, to explore impacts of that type of change in 

land cover on streamflow and groundwater levels. Table 7.6 gives descriptions of the selected 

landcover change scenarios.  

Table 7. 6: Selected vegetation scenario descriptions and mapping methods used 

Scenario  Scenario description Mapping description 

Maximum 
catchment alien 
invasion extent 

All areas that are not actively farmed 
both in the floodplain and in the 
mountains are covered with dense black 
wattle and pine stands 

All areas except cliffs, high plateaus, 
orchards, pastures, or built-up areas are 
mapped as black wattle and pine. 

Maximum 
floodplain black 
wattle extent 
 

All areas that are not actively farmed in 
the floodplain are covered with dense 
black wattle 

All other land units except the floodplain 
remain with the current vegetation. In 
the floodplain, everything is mapped as 
black wattle except for actively farmed 
areas. 

Maximum 
floodplain 
palmiet extent 

Black wattle IAPs are cleared in the 
floodplain and palmiet wetlands 
regenerate except on farmed areas  

On the floodplain, palmiet regenerates 
and cover all areas that are not actively 
farmed (orchards, pastures). All other 
land units remain with the current 
vegetation 
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Tables 7.7 and 7.8 shows land cover proportions for selected scenarios (at floodplain and 

catchment scales respectively). The maximum catchment-wide wattle invasion scenario was 

considered to test landscape-scale feedbacks to assess the impact of wattle invasions in upland 

vs. riparian areas. 

 

Table 7.7: Percentage floodplain cover for current and selected land covers scenarios 

Floodplain Cover 

Vegetation type 
  

Current Palmiet restoration Wattle floodplain 

Area km2 Cover (%) Area km2 Cover (%) Area km2 Cover (%) 

Water 0.021 0 0.021 0 0.021 0 

Palmiet 1.85 17 8.44 78 - 78 

Forest 0.001 0 0.001 0 0.001 0 

Fynbos 3.36 31 - - - - 

Black wattle 3.22 30 - - 8.44 - 

Orchard 0.73 7 0.73 7 0.73 7 

Field 1.58 15 1.58 15 1.58 15 

Bare  0.024 0 0.024 0 0.024 0 
 

Table 7.8: Percentage catchment cover for current and selected land covers scenarios 

Catchment Cover  

Vegetation 
type 
  

Current 
Palmiet 

restoration 
Wattle 

floodplain 
Wattle 

Maximum 

Area 
km2 

Cover 
(%) 

Area 
km2 

Cover 
(%) 

Area 
km2 

Cover 
(%) 

Area 
km2 

Cover 
(%) 

Water 2.51 1 2.49 1 2.49 1 2.22 1 

Palmiet 6.15 2 13.73 4 3.91 1 - 
 Forest 6.17 2 5.97 2 5.97 2 - 
 Fynbos 249.89 70 252.51 70 252.51 70 51.12 14 

Fynbos 43.46 12 39.12 11 39.12 11 43.24 12 

Black wattle 27.37 8 22.34 6 32.16 9 190.93 53 

Pine 3.26 1 3.16 1 3.16 1 57.79 16 

Orchard 1.40 0 1.40 0 1.40 0 1.39 0 

Field 18.50 5 18.50 5 18.50 5 12.53 3 

Bare  0.83 0 0.83 0 0.83 0 0.83 0 
 

The floodplain palmiet and wattle scenarios had the same spatial distribution (area and 

proportion of the floodplain) of 8.44 km2 or 78% of the floodplain area (Table 7.7). In each 

scenario, the same coverage was assumed to be either wattle or palmiet with no coverage of the 

other type remaining. Results from the two floodplain scenarios can be directly compared to 

each other. The area and percentage cover changes for each scenario are shown in Tables 7.7 and 

7.8, and mapped distributions are shown in Figure 7.3.  
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Figure 7.3: Mapped distributions of the current and selected land cover change scenarios  
 

Parameter values were assigned by vegetation type, therefore scenarios had different Manning’s 

roughness and detention storage in the floodplain. Relevant root depth, ET coefficient (Kc) and 

canopy interception values were assigned by cover type and kept consistent across all the 

scenarios e.g. the parameters assigned to palmiet wetland areas were the same in all scenarios. 

There was no need to manually work out the changes of floodplain-scale and/or 

catchment-scale average ET coefficient (Kc) values to represent the cover changes. The model 

calculated it based on the area changed. In addition to the land cover area changes, an 

assumption was made about the channel shape changes that would come with the vegetation 

cover change. The palmiet scenario was assigned a small low flow channel and a wide and rough 

high flow channel whilst the wattle scenarios were assigned wide and deep low flow channels 

and less rough high flow channels (Figure 7.4). Cross section shapes were based on field surveys 

done across the length of the river (Cornelius et al., 2019; Smith and Tanner, 2019). Palmiet 

wetland areas were assigned increased water retention to represent the peat soils of the wetland. 

There was a greater area of this soil type in the palmiet expansion scenario because the area of 

palmiet wetland was increased.  
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Figure 7. 4: Demonstrative conceptual cross sections of river channel in a palmiet wetland 
(left) and incised channel (right) 
 

Model results were assessed against streamflow and groundwater data. Daily, monthly and 

annual averages of streamflow were calculated for each scenario. Furthermore, floodplain depth 

to groundwater under each scenario model run was also analysed and presented. All visual and 

statistical analyses were done to assess impacts of selected above ground land cover changes on 

average flows, baseflows, peak flows, storm response and other water balance components in 

the catchment. T-tests were performed to check for differences between means of observed vs. 

simulated data. Paired t-tests were done on predicted mean annual runoff (MAR) as well as high 

flows vs. low flows for all modelled scenarios. Data was analysed at a 0.05% confidence level. 

High flows were defined as flows that were above 1 mm and equalled or exceed for 5% of the time 

and low flows were defined as flows below 1 mm.  

 

Proportional changes in fluxes (i.e. ET, infiltration) under the PMFP, WTFP and WTALL 

scenarios vs. the CRNT cover scenario were calculated as follows: 

 

Proportional change in flux =
PMFP, WTFP or WTALL scenario flux − CRNT scenario flux

 CRNT scenario flux
 

 

To look at the landscape-scale feedbacks, the impact of the location of black wattles, and how 

much water they might have access to, the area increase (km2) in black wattle coverage in the 

WTALL scenario vs. the CRNT and WTFP scenarios was compared to the predicted difference in 

mean annual runoff and ET (Mm3 yield) vs. CRNT. This analysis was the main reason for 

running the WTFP and WTALL scenarios. For both scenarios, the unit runoff or ET drop (Mm3 

yield) was calculated as follows: 

Unit runoff or ET drop (Mm3) =  
Runoff or ET difference (Mm³ yield) per area increase (km²) in IAP vs. CRNT

Added cover (km2) of IAP vs. CRNT
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7.3 RESULTS  

7.3.1 Comparison of observed results to baseline model results 

7.3.1.1 Observed vs. modelled streamflow in the Kromme catchment  

The model performance was assessed against observed streamflow data in the catchment 

(Churchill Dam inflow). The baseline calibrated model for the Kromme Upper catchment 

achieved a relatively reasonable goodness of fit between the calibrated model results vs. observed 

data (Table 7.9). The Nash Sutcliffe Efficiency (NSE) values of 0.8 and 0.86 for daily and 

monthly average flow were obtained respectively suggesting acceptable reproduction of the 

observed streamflow. Most statistical parameters calculated show better model performance for 

the monthly scale comparisons than daily ones i.e. RMSE, R2, and NSE values.  

 

Table 7.9: Statistical results of observed vs. baseline calibrated model 

Daily Monthly 
Statistics Observed Modelled Statistics Observed Modelled 
Mean 1.23 1.17 Mean 1.23 1.17 

Std. deviation 6.08 5.19 Std. deviation 2.712 2.16 

Std. error 0.10 0.09 Std. error 0.25 0.20 

CV 4.95 4.42 CV 2.21 1.84 

Min 0.00 0.04 Min 0.01 0.04 

PC10 0.001 0.06 PC10 0.05 0.08 

PC25 0.06 0.12 PC25 0.13 0.17 

PC50 0.27 0.26 PC50 0.32 0.47 

PC75 0.78 0.72 PC75 0.91 1.10 

PC90 2.17 1.98 PC90 2.96 3.01 

Max 175 157.3 Max 16.46 16.25 

RMSE  2.69 RMSE  1.01 

MAE  0.74 MAE  0.49 

NSE  0.80 NSE  0.86 

NSE (LogQ)  0.35 NSE (LogQ)  0.76 

R2  0.81 R2  0.88 

Mean Error  -0.05 Mean Error  -0.05 
PC-Percentiles 

 

Daily and monthly hydrographs of observed vs. modelled streamflow are shown in Figure 7.5a 

and 7.5b respectively. The baseline model at daily time scale had slightly more small to medium 

peaks than observed data (Figure 7.5a). This showed that the model overestimated flows in some 

cases but the goodness of fit for most peak flow events was acceptable. The model yielded 

relatively comparable results at the monthly time scale for both high and low flows (Figure 7.5b). 

The model prediction followed trends in the observed data and deviations from the average were 

not high.  
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Figure 7. 5: Observed vs. modelled average (a) daily and (b) monthly streamflow data for the 

Kromme Upper catchment from 2008-2018 

 

7.3.1.2 Observed vs. modelled floodplain groundwater levels  

A comparison of predicted vs. observed groundwater levels is shown in Figure 7.6. This was done 

to compare if the simulation mimicked the observed groundwater level patterns not necessarily 

the exact groundwater level values. There was no automated time series groundwater data at the 

midcatchment site, however looking at dates with corresponding field observations, the 

simulated water level showed reasonable patterns compared to the observations. Simulated 

depths were in the range of the observation points and a temporal pattern comparable to 

Observed 1, 2 and 3 (Figure 7.6a).  
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At the lower catchment site, the model simulated the patterns of groundwater level change well 

in that the patterns from the simulated data were comparable to patterns from observed data, 

although the simulated water depth was low (Figure 7.6b). It should be noted that the simulation 

results were for 100 m model grid cells and were compared with point location observations 

therefore a close match of depths was not expected. The similar degree of rise and speed of 

recession are encouraging. 

 

 
Figure 7.6: Observed vs. simulated floodplain water levels at mid and lower catchment sites 
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7.3.1.3 Predicted water balance components and comparison of model  

  results vs. hydrometry and hydrochemistry results  

The modelled water balance showed an average annual runoff of 38.6 Mm3 (18% of the total 

precipitation), with most water lost through evapotranspiration (79% of total precipitation), and 

a change in storage of 6.5 Mm3 (Table 7.13 in section 7.33). To establish the relative level of 

reliability of the model and inevitable weaknesses, Table 7.10 shows a comparison of modelled 

processes to prior hydrometric and hydrochemistry observations made in the catchment. Based 

on reported statistics (Table 7.9), visual hydrograph and groundwater level analyses and 

predicted vs. observed results comparison (Table 7.10), the model was considered fit for running 

alternative vegetation cover scenarios presented in 7.3.2. 
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Table 7.10: Comparison of observed processes and patterns between hydrometry, isotopes and predicted results 

Process or 
flowpath 

Hydrometry Hydrochemical results Model results 

Channel gaining 
or losing, as a 
whole and over 
different reaches, 
at different times 

Channel gaining from the alluvial 
aquifer, tributary flows or mountain 
bedrock flows. River stage always 
below groundwater levels at 
monitored sites. 

Chemical source component 
separation shows up to 96% 
contribution to river from alluvial 
aquifer particularly during dry periods. 

Model results showed alluvial aquifer contributions 
of > 55% to river flows during the modelled period 
which may have been an underestimation. 

Change in 
shallow 
groundwater 
levels in the 
floodplain  

Groundwater levels in the alluvial 
aquifer increased notably even 
without precipitation inputs 
showing that recharge was not only 
influenced by direct rainfall only 
 

Inconsistencies in geochemical 
compositions at different shallow 
groundwater sites implied different 
contributing sources. 

Results showed more floodplain alluvial aquifer 
recharge from water flowing from the mountain 
areas (18.9 Mm3) vs. direct recharge from rain (<7.2 
Mm3).  

Groundwater 
flow into 
mountain 
tributaries 

Seeps observed in tributary valleys 
and wetlands even during the 
drought. Linear shapes of recession 
plots particularly at tributary sites 
indicated a constant source. Most 
tributaries observed had perennial 
flow. 

Similar isotopic and hydrochemical 
signatures in water from seeps and 
tributaries indicated and confirmed 
constant groundwater contributions 
from the bedrock aquifer. 

Model results show proportions of water from seeps 
and tributaries to the river (i.e. 5 and 37 Mm3 for 
2017 and 2018 respectively).  
Constant outflow from the bedrock and interflow 
layer into the tributaries was predicted but the 
proportional quantities of the overall flow leaving 
the mountains and the catchment were small.  

Main channel 
streamflow peak 
timing after 
storm events 

Dominance of surface and shallow 
subsurface flows was indicated by 
quick time to peak. 

Chemical separation showed high 
proportions of direct runoff during wet 
periods (storm events with 
contributions of ~61% on average) 

Sharp rising limbs on predicted streamflow 
hydrographs shows quick peak timing after storms. 
60% of total runoff from surface flow and interflow. 

 
Contributions of 
quicker and 
slower response 
flowpaths 

Baseflow contributions were highly 
variable for different events at some 
sites indicating variable aquifer 
storage and different flowpaths. 

Chemical separation results quantified 
main sources (surface runoff, shallow 
and deep groundwater). Groundwater 
was shown to contribute highest 
proportions (>50%). 

Model results quantified main sources and 
groundwater from the alluvial aquifer was shown to 
contribute more than other flowpaths and sources 
(17.6 Mm3 average annual).  

Average annual 
runoff 
coefficients 

Low coefficients (0.1) indicate large 
ET withdrawals from the dominant 
flowpaths in the catchment and/or 
storage in inactive groundwater 

 Model results i.e. for the years 2017 and 2018 yielded 
runoff coefficients of 0.1 and 0.2 respectively 
(Appendix Table 7A1). 
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7.3.2 Impacts of selected landcover scenarios on river flows 

7.3.2.1 Impacts of selected landcover scenarios on mean annual runoff  

Mean annual runoff which is a key element of the water balance was computed for the modelled 

10 year period (Figure 7.7). Time series of simulated annual runoff results per scenario are 

presented in Figure 7.7. The floodplain palmiet regeneration scenario (PMFP) generated the 

highest annual water yield consistently throughout the simulated period (2008-2018). Simulated 

annual runoff dynamics per scenario of change shows an average increase of 1.66 Mm3/year (4%) 

under PMFP vs. the current cover (CRNT) scenario for the 10 year period. Mean annual runoff 

decreased by 1.86 and 14.85 Mm3 (5% and 38%) under the floodplain wattle (WTFP) and 

maximum alien invasion (WTALL) scenarios respectively in comparison to the CRNT (Table 

7.11). Predicted runoff from the palmiet scenario had the highest runoff ratio of 0.19 whilst the 

maximum wattle invasion generated the least ratio of 0.11 (Table 7.11). The maximum alien 

invasion scenario generated the least runoff throughout the modelled period (Figure 7.7).  

 

 

Figure 7. 7: Simulated annul runoff for the Kromme catchment under selected landcover 
scenarios (2008-2018) 
 

Table 7. 11: Average annual runoff per modelled scenario of change 

  CRNT PMFP WTFP WTALL 

Average annual runoff (Mm3) 38.64 40.30 36.78 23.79 

Change in average annual runoff vs. CRNT  - 1.66 -1.86 -14.85 

% increase or decrease vs. CRNT  - 4% -5% -38% 

Runoff ratio 0.18 0.19 0.17 0.11 
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7.3.2.2 Impacts of selected landcover scenarios on daily flows in m3/s 

Daily streamflow hydrographs (Figures 7.8 a; b) show that the maximum catchment-wide alien 

invasion (WTALL) generated the least daily flows compared to the other scenarios of change, as 

expected given the high transpiration rates assigned to the woody alien plants in the model. The 

floodplain palmiet scenario (PMFP) generated increased average daily flow of 4% over the 

modelled period vs. the CRNT scenario. The PMFP generated average daily flows of 1.28 m3/s 

whilst the CRNT scenario had 1.22 m3/s. 

 

 
Figure 7. 8: Simulated daily streamflow for landcover scenarios in the Kromme from 2008-2018 

(same data but different y-axis scales, log scale (b) for better visualisation of low flows). 
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The PMFP scenario had smaller peaks than the current (CRNT) and floodplain wattle (WTFP) 

scenarios. Although, the regeneration of floodplain palmiet scenario (PMFP) predicted reduced 

peaks, it had the highest magnitudes in predicted low flows compared to other scenarios, as 

shown clearly in the log scale hydrograph (Figure 7.8b).  

 

The floodplain wattle scenario (WTFP) predicted high peak flows in general than other scenarios 

(Figure 7.8), because the floodplain channel shape was structured to have low roughness and a 

larger area of low hydraulic conductivity soils, hence the lower infiltration in the model. The 

palmiet scenario (PMFP) had a rougher floodplain and more peat soils as this would be the case 

if palmiet regenerates in the floodplain. This is most likely due to the physiology of palmiet root 

system that stabilizes channels and reduces the velocity of streamflow hence the small peaks 

predicted, in comparison to the wattle invasion scenarios (Figure 7.8). The WTALL scenario 

generated the lowest values in both high and low flows. In terms of simulated low flows, the 

WTALL generated the lowest baseflows consistently throughout the modelled period (Figure 

7.8b). The PMFP scenario generated the highest contribution of baseflows to the streamflow 

(Figure 7.8b). 

 

7.3.2.2 Daily streamflow responses in high and low flow conditions under  

  selected landcover scenarios 

Within the modelled time period (2008-2018), the calendar years 2009 and 2015 were classified 

as driest (407 mm) and wettest (874 mm) rainfall years. Predicted streamflow was also lowest 

and highest in 2009 and 2015 respectively (Appendix Table 7A.2). The majority of years within 

the modelled period were relatively dry having below average annual precipitation of 600 

mm/year (Appendix Figure 7A2). The predicted lowest and highest streamflow years (2009 and 

2015 respectively) were used to compare streamflow responses of the different scenarios of 

landcover change under low and high flow conditions (Figure 7.9).  

 

In high flow conditions, model results show high peaks under WTFP and CRNT scenarios 

(Figure 7.9b), however streamflow yield was highest under the palmiet scenario (102 Mm3) 

(Appendix Table 7A.3). During low flow periods (Figure 7.9a), the model results indicated that 

restoring the floodplain palmiet wetlands could result in increased baseflows which sustain 

streamflow particularly during dry periods. During the driest months in 2009 (January-April), 

the average predicted daily streamflow was highest under palmiet (0.13 m3/s) and lowest under 

WTALL (0.04 m3/s). Overall predicted streamflow yield was also highest under palmiet (12.8 

Mm3) during the driest year which was a 12% increase compared to the CRNT cover whilst 
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during high flows the proportional increase between the two scenarios was 2%. The largest 

predicted daily flow peak during a wet year was 157 m3/s under CRNT and PMFP scenarios, 

whilst the largest flow peak during the dry year was 11.5 m3/s under WTFP scenario (Appendix 

Table 7A.4). Observed data showed peaks of 156 and 5 m3/s for 2009 and 2015 respectively 

(Appendix Table 7A.4).  

 

Figure 7.9: Hydrographs of dry and wet years for simulated land cover scenarios  
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7.3.2.3 Variation in flow duration under selected landcover scenarios 

To get a comprehensive assessment of the simulated flow regimes, flow duration curves were 

constructed (Figure 7.10). The flow duration results indicated that overall, palmiet regeneration 

(PMFP), produces more runoff than other scenarios of change. Flow duration curves under 

predicted CRNT and other land cover scenarios plot at the low flow end (< 5 mm for greater than 

95% of the time). This showed that low flows are dominant in this catchment under all predicted 

scenarios of change including the CRNT cover (Figure 7.10 and Table 7.12). 

 

 

Figure 7.10: Flow duration curves for simulated daily runoff of the landcover scenarios of 

change in the Kromme catchment from 2008-2018. 

 

For all model runs, high, low and average daily runoff and their corresponding exceedance 

percentages are given in Table 7.12. The maximum daily runoff for all scenarios ranged from 

42-53 mm/day which was equalled or exceeded for 0.02 % of the time (Table 7.12). Predicted 

maximum runoff for the palmiet scenario (PMFP), was 15% less than the current cover scenario 

(CRNT), and the full wattle invasion (WTALL) was 21% less than the CRNT. Although the 

catchment is dominated by low flows under all scenarios of change, highest low flow magnitudes 

were generated under the floodplain palmiet regeneration scenario than the other two scenarios 

(Table 7.12).  
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Table 7.12: Statistical summary for simulated land cover scenarios 

% exceedance Daily runoff (mm) 

Land cover scenario CRNT PMFP WTFP WTALL 

0.02 53.08 45.17 49.74 41.84 

1 3.7 3.71 3.61 2.26 

5 1.004 1.142 0.91 0.58 

50 0.06 0.09 0.06 0.03 

95 0.013 0.025 0.01 0.009 

98 0.011 0.023 0.009 0.007 

100 0.010 0.019 0.008 0.007 

 

7.3.3 Variation in water balance components under scenarios of land cover 

 change.  

The average annual predicted water balance components for the 2008-2018 period are 

presented in Table 7.13. The PMFP and WTFP scenarios had the same land cover change at both 

the floodplain scale (78.2%) and catchment scale (2%). The WTALL scenario had a 61% change 

in cover vs. the CRNT cover scenario. Model results suggest that regeneration of floodplain 

palmiet (PMFP) in this catchment after clearing the floodplain invasive trees is likely to have a 

significant impact on the average annual runoff (4%) compared to the predicted CRNT state 

(Table 7.13). The PMFP scenario had a change of land cover on only 2% of the total catchment, 

therefore a 4% change in mean runoff is a relatively large change for such as small proportional 

cover change. Predicted changes in runoff between the CRNT and the two wattle invasion 

scenarios (WTFP and WTALL) indicate a decrease of 5% and 38% respectively (Table 7.11 in 

section 7.3.2.1). Under the CRNT cover and all modelled scenarios of change, most of the water 

in the catchment was predicted to be lost through AET (actual evapotranspiration) which 

accounted for more than 75% of the total precipitation across all model runs (Table 7.13).  

 

Table 7.13: Average annual water balance components between modelled scenarios 

Flux (Mm3/year) CRNT PMFP WTFP WTALL 

Precipitation (Mm3/year) 213.04 213.04 213.04 213.04 

AET (Mm3/year) 167.87 167.72 169.71 187.45 

AET (% of precipitation) 79% 79% 80% 88% 

Runoff (Mm3/year) 38.64 40.30 36.78 23.79 

Runoff (% of precipitation) 18% 19% 17% 11% 

Net subsurface storage change (Mm3/year) 6.52 6.49 6.54 1.93 

subsurface storage change (% of precipitation) 3% 3% 3% 1% 
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Statistical results for the paired t-tests done on predicted mean annual runoff (MAR) of the 

landcover scenarios are presented in Table 7.14. All scenario MAR results were compared to the 

CRNT predicted runoff (Table 7.14). Additionally, the PMFP and WTFP scenario results were 

also compared against each other. Differences between scenarios were considered significant if p 

values of the paired t-tests for the selected scenario pairs were less than 0.05. Statistics for the 

period 2008-2018 all show p values less than 0.05 indicating significant differences between the 

CRNT cover model run and the selected scenario runs (Table 7.14). Predicted mean annual 

runoff between PMFP and WTFP scenarios was also significantly different. 

 

Table 7.14: Statistical summary for simulated MAR (mm/year) of land cover scenarios  

t-Test: Paired Two Sample for Means-MAR (mm per year) 

 Pair 1 Pair 2 Pair 3 Pair 4 

Scenario CRNT PMFP CRNT WTFP CRNT WTALL PMFP WTFP 

Mean 0.29 0.31 0.3 0.28 0.3 0.18 0.31 0.28 

Variance 0.058 0.059 0.058 0.05 0.058 0.027 0.059 0.05 

Observations 11 11 11 11 11 11 11 11 

Pearson Correlation 0.99  0.99  0.99  0.99  

HMD 0  0  0  0  

df 10  10  10  10  

t Stat -15.4  5.98  4.67  9.44  

P(T<=t) one-tail 1.36E-08  6.77E-05  0.00044  1.34E-06  

t Critical one-tail 1.8  1.8  1.8  1.8  

P(T<=t) two-tail 2.72E-08  0.000135  0.00088  2.7E-06  

t Critical two-tail 2.23   2.23   2.23   2.23   

HMD-Hypothesized Mean Difference, MAR- mean annual runoff 

 

Additional statistics were calculated for the PMFP and WTFP scenarios during high and low 

flows (Appendix Table 7A.5). High flows were defined as flows that were above 1 mm and 

equalled or exceed for 5% of the time. Low flows were defined as flows below 1 mm. Results show 

significant differences between the floodplain palmiet and wattle scenarios during low flows 

(p<0.05). However, there were no significant differences between the two scenarios during high 

flows (p>0.05) (Appendix Table 7A.5).  
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7.3.4 Modelled changes in processes and flowpaths leading to streamflow changes 

 under selected land cover scenarios  

Predicted changes in particular fluxes and flowpaths due to the selected landcover change 

scenarios are presented in Figure 7.11 and Appendix Table 7A.7. Water from the mountains 

reaching the floodplain edge was the same for CRNT, PMFP and WTFP scenarios because 

vegetation cover changes were only done in the floodplain and the rest of the mountain areas 

remained the same in these scenarios except for WTALL (Figure 7.3). Model predictions of most 

processes across the scenarios therefore, showed the lowest fluxes of most components under the 

WTALL scenario as expected due to the large spatial area of cover change (Figure 7.11).  

 

Most predicted surface flows contributing to the river were mountain sourced under all scenarios 

(up to 94%) (Appendix Table 7A.7). In the mountains, less of the water was subjected to ET 

because of fast runoff due to steep slopes therefore large quantities made it to the river. Predicted 

floodplain generated surface flows were minimal (up to 6% of total surface flows) (Figure 7.11). 

Although, floodplain surface runoff contribution to the river was generally small, the highest 

proportion was generated under the PMFP scenario (1.3 Mm3) compared to WTFP and WTALL 

scenarios (Figure 7.11).  

 

Model results showed that the alluvial aquifer was significantly recharged by water sourced from 

the mountains to the floodplain surface (Figure 7.11). Recharge on the alluvial aquifer was 

therefore, not all rainfall derived recharge. It comprised direct rainfall, surface runoff from the 

mountains which infiltrated on the floodplain as well as subsurface interflow and bedrock flows 

from the mountain. The mountain sourced surface water recharging the alluvial aquifer was 

predicted to decrease by 43% (from 12.6 Mm3 down to 7.3 Mm3) under WTALL compared to 

CRNT, and by 45% between PMFP and WTALL scenarios.  

 

Similar to surface flows, large quantities of predicted infiltration on the floodplain surface were 

also mountain sourced under all scenarios (Figure 7.11). A comparison between scenarios 

showed a significant difference in mountain sourced infiltration on the floodplain between the 

CRNT and WTALL scenarios (18.9 Mm3 vs. to 13.9 Mm3), a proportional decrease of 24%. The 

increase of canopy cover from the dense wattle stands (WTALL) was expected to reduce 

infiltration, percolation to deeper layers, and recharge. Predicted mountain sourced interflow 

contribution to the main channel also decreased considerably (by 38%) under WTALL scenario 

compared to the CRNT.  
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Figure 7.11: Predicted fluxes and flowpaths under different scenarios of landcover change.  
 

Modelled proportional contributions from the alluvial aquifer to the river suggest that 

regeneration of floodplain palmiet (PMFP) is likely to result in the highest annual proportion of 

19 Mm3 and the least contribution of 11 Mm3 under the WTALL scenario (Figure 7.11). Seeping 

water from the alluvial aquifer to the surface in the floodplain was also significantly higher under 

PMFP than other scenarios (Figure 7.11). 
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The predicted mountain and floodplain bedrock direct contribution into the river was small and 

almost negligible under all scenarios of change (Figure 7.11; Appendix Tables 7A.7). This was due 

to the structure of the geological layers as shown in Figure 7.2 (section 7.2.4), where aquicludes 

are in between the bedrock aquifers and the river therefore direct contribution was not expected.  

 

7.3.5 Impact of the location of black wattle invasion on ET and runoff response  

To assess the impact of location of black wattle invasion on ET and runoff response, the area 

increase (km2) in wattle coverage in the WTALL scenario vs. the CRNT and WTFP scenarios was 

compared to the predicted decrease in mean annual runoff and ET (Mm3 yield) vs. the CRNT 

(Tables 7.15 and 7.16). The expectation was that both scenarios (WTFP and WTALL) will not be 

the same in terms of water use by wattles per area of cover due to the topographic location of the 

trees and water availability. Wattles in the WTFP scenario would therefore have more net 

impact per km2 than those in the WTALL. 

 

Table 7.15: Differences in AET per unit area under riparian vs. upland black wattle invasion 

Land 
cover 

scenario 

Black 
wattle cover  

(km2) 

Total IAP 
cover 

(wattles + 
pines) 

Increase in 
wattle area 
vs. CRNT 

(km2) 

Increase in 
IAP area vs. 

CRNT 
(km2) 

AET (Mm3) 

Change in 
AET vs. 
CRNT 
(Mm3) 

Change in 
AET per unit 
area increase 
in IAP (Mm3 ) 
change÷(km2 

increase in 
IAP) 

  FP CAT FP CAT FP CAT FP CAT FP CAT FP CAT FP CAT 

CRNT 3.2 25.96 3.2 29.12         9.2 167.9         

WTFP 8.4 32.2 8.4   5.2 5.2 5.2 5.2 11 169.7 1.8 1.8 0.35 0.35 

WTALL 8.4 190.9 8.4 241 5.2 164.9 5.2 211.9 10.4 187.5 1.2 19.6 0.23 0.09 

 

Table 7. 16: Runoff differences per unit area under riparian vs. upland black wattle invasion 

Land 
cover 

scenario 

Black 
wattle cover  

(km2) 

Total IAP 
cover 

(wattles + 
pines) 

Increase in 
wattle area 
vs. CRNT 

(km2) 

Increase in 
IAP area vs. 

CRNT 
(km2) 

Runoff 
(Mm3) 

Change in 
Runoff vs. 

CRNT 
(Mm3) 

Change in 
Runoff per 

unit area 
increase in 
IAP change 

(Mm3) ÷ 
(km2 increase 

in IAP) 

  FP CAT  FP CAT  FP CAT  FP CAT   CAT   CAT   CAT  

CRNT 3.2 25.96 3.2 29.12          38.64       

WTFP 8.4 32.2 8.4   5.2 5.2 5.2 5.2  36.78  -1.86  -0.36 

WTALL 8.4 190.9 8.4 241 5.2 164.9 5.2 211.9  23.79  -14.85  -0.07 
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The proportional change in actual ET per unit area increase in IAPs was high under the WTFP 

scenario (0.35 Mm3/km2) than the WTALL scenario (0.09 Mm3/km2) (Table 7.15). Similar to ET, 

the proportional change in runoff per unit area increase in IAPs indicated a 0.36 Mm3/km2 

decrease in runoff under WTFP compared to a 0.07 Mm3/km2 decrease under WTALL (Table 

7.16). The location of a specific land cover within a catchment (riparian vs. upland) therefore has 

greater impact on the on the hydrological response. Predicted results indicated that wattles use 

more in riparian areas where water is readily available than upland areas. 

 
7.3.6 Impacts of selected landcover scenarios on floodplain grounder depth 

Modelled outputs were also analysed for floodplain groundwater level changes (Figure 7.12). 

Predicted results indicated that regeneration of floodplain palmiet (PMFP) could result in an 

increase in groundwater levels in the alluvial aquifer on average (Figure 7.12). The predicted 

mean groundwater depths were -6.1 m under CRNT scenario, -5.3 m under PMFP, -7.02 m under 

WTFP and -7.2 m under the WTALL scenarios. The proportional difference in the modelled 

mean groundwater depths compared to the predicted CRNT cover scenario showed an increase 

of 13% under PMFP and decreases of 15% and 18% under WTFP and WTALL scenarios 

respectively. 

 

 
Figure 7.12: Average groundwater depth per simulated scenario of change from 2008-2018.  
 

The predicted groundwater depth under the palmiet regeneration scenario (PMFP) fluctuated 

between 2.6 and 5.9 m below ground which was higher than groundwater levels under the CRNT 

cover and wattle invasion scenarios. This would be expected as a result of consistent recharge of 
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the alluvial aquifer from surface and subsurface water from the surrounding mountains in the 

absence of high water using alien invasive trees. Both the predicted floodplain and maximum 

catchment-wide alien invasion scenarios (WTFP and WTALL) resulted in reduced groundwater 

levels within the alluvial aquifer. The WTFP ranged from 4.2 to 7.5 m below ground whilst the 

WTALL fluctuated between 4.7 and 7.6 m below ground (Figure 7.12). 

 

7.3.7 Summary of impacts of landcover on selected major hydrological components 

Model results indicate that overall, clearing of woody alien invasives and allowing the 

regeneration of palmiet could increase baseflow by 9%, total outflow by 5% and groundwater 

levels in the floodplain by 13% compared to the current cover scenario. Predicted flood peaks 

increased under WTFP vs. PMFP and decreased under PMFP vs. CRNT (Table 7.17) which was a 

result of using different channel shapes associated with the different land cover types in the 

model.  

 

Table 7. 17: Percentage change per scenario for dominant flowpaths and processes.  

Impact PMFP VS 

CRNT  

WTFP VS 

CRNT  

WTALL VS 

CRNT  

WTFP VS. 

PMFP  

Floodplain GW levels change +13% -15% -18% -4% 

Increase in baseflow +9% -8% -37% -9% 

Increase in total outflow +4% -5% -38% -16% 

Flood peaks -9% 0 -32% +9% 

 

Model results also provided evidence of significant reduction in both streamflow and baseflow 

under the two wattle expansion scenarios compared to the current state (Table 7.17). Although 

predicted groundwater levels were significantly lower under both invasion scenarios, results 

show that hydrological connectivity remained between the channel and alluvial aquifer although 

significantly lower compared to the current and palmiet scenarios (Figure 7.11). This is due to 

the associated decline in alluvial aquifer storage because of the increased water use by alien 

trees.  
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7.4 DISCUSSION 

7.4.1 Model performance in streamflow calibration and realism of  processes 

7.4.1.1 Numerical model performance in streamflow calibration 

Lumped, parsimonious, models can sufficiently simulate streamflow patterns in micro-scale 

catchments, (McMillan et al., 2011), however, a more spatially distributed modelling approach 

for meso scale catchments was assumed necessary based on results from previous modelling 

studies (i.e. Glenday, 2015; Rebelo, 2012). Spatial discretization also facilitated the 

determination of threshold controlled surface and subsurface processes (Fenicia et al., 2008; 

Glenday, 2015), and parameterization of the selected land cover scenarios (Torbick et al., 2006). 

The baseline calibrated model for the Kromme Upper catchment had slightly more small to 

medium peaks than observed data at daily time scale. This implied that the model overestimated 

flows in some cases during low flow periods, which is comparable to other modelling studies in 

semi-arid regions (Okello et al., 2018), but the goodness of fit for most peak flow events was 

acceptable.  

 

7.4.1.2 Numerical model performance in the realism of processes  

The spatially and vertically distributed model structured for the Kromme allowed targeted 

analyses of particular flowpaths and processes at different locations in the catchment similar to 

other semi-arid modelling studies (Busche, 2012; Glenday, 2015). The predicted mean annual 

flow for the Kromme catchment was 168 Mm3 and most of this water emerged from surface flows 

from the mountains due to the steep slopes influenced by the topography and parameterisation 

of soils in the model. These flows were short lived after events, but made up the bulk of water 

leaving the mountains in the long term average in the simulation. Surface flow was predicted to 

be the dominant flowpath leaving the mountains in the model, however given the observed 

consistency of flow in some of the tributaries, the simulated proportion of quickflow in the 

tributaries could have been too high and not realistic.  However, large quantities of the surface 

flow from the mountains (tributaries) infiltrated and recharged the alluvial aquifer in the model. 

Given the reasonable streamflow and alluvial aquifer groundwater performance of the model, it 

is possible that this infiltration of surface water inputs from the mountains that was simulated on 

the floodplain was comparable to actual infiltration of water from tributaries and alluvial fans, 

entering the floodplain as subsurface flow. To improve the model performance on this, more 

measured flows from other parts of the catchment would be needed for use in the calibration 

process i.e. to improve the tributary flow magnitudes.  

Predicted outflow from the bedrock aquifer into tributaries was constant but the amount was a 

small proportion of the overall flow leaving the mountains and the catchment. The model also 
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predicted low proportions of interflow to the main river which would be expected in catchments 

characterised by low slopes and geological layers that are not highly fractured (Xu et al., 2002). 

The Kromme is the opposite of this, therefore high interflow rates were expected but the 

predicted results did not show evidence of this. Likewise, hydrometry and hydrochemical 

techniques showed higher contributions from the deep aquifer than the quantities predicted by 

the model. Highly fractured layers were expected to contribute large quantities of water 

(Tessema et al., 2014), therefore the low quantities predicted could imply unrealistic set-up and 

parameterisation of these layers in the model. In the floodplain, the model predicted large 

contributions from the alluvial aquifer to the river which was consistent with observed results 

where the river was constantly gaining from the alluvial aquifer. 

 
Although great efforts were made in using the best available input data and process 

understanding in model structuring, issues of uncertainties were in the configuration of 

subsurface layers for deep groundwater reservoirs, the interflow layer and soils. The soil 

infiltration rate influenced the magnitudes of water leaving the mountains purely as surface 

runoff vs. interflow which may have been overestimated. Another issue of uncertainty was the 

estimation of the spatial rainfall which was done using the Lynch surface (Lynch, 2004) and the 

few rainfall stations in the catchment. This may have resulted in the over and under prediction of 

peak flows. Additional rainfall stations are therefore needed to improve the estimation of spatial 

rainfall in future modelling exercises. 

 

7.4.2 Modelled changes in processes and flows under selected vegetation cover 

 scenarios compared to expected responses 

The calibrated base model set-up was used for the scenario runs with the same parameters values 

for soils, vegetation and geology from different sources available for the Kromme catchment (i.e 

Diamond, 2014; Euston-Brown, 2006; Lynch, 2004; Xu et al., 2009). However, channel shapes 

were changed to match the likely geomorphological changes associated with selected vegetation 

types based on field observations of channels in palmiet wetlands vs. areas that have other covers 

due to invasion/conversion. Other land cover scenario studies (i.e. Awotwi et al., 2015; Gyamfi et 

al., 2016) simulated scenarios of land cover change by only altering the vegetation cover 

properties in the model without considering changes in channel shapes caused by the selected 

vegetation types due to alterations in geomorphic processes. Channels have been reported to 

become wider and increasingly incised with black wattle invasion (Pieterson 2009). In wetter or 

small catchments, channel properties in modelling studies may be less of a concern considering 

that interactions between channels, aquifers and the floodplain maybe less significant (Slater 
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and Khouakhi, 2019). However, in semi-arid meso scale catchments such as the Kromme, 

channel properties per land cover scenario therefore became important. This is because 

interactions between the channel, floodplain and aquifers can drive the observed streamflow 

patterns particularly in semi-arid areas (Ochoa et al., 2013; Glenday, 2015). 

 

Conversion of a vegetation type to another with lower or higher transpiration rates has been 

observed to result in a net increase or decrease in catchment yield respectively considering that 

ET has major influences on overall outflows (Le Maitre et al., 2000; Nosetto et al., 2011; Wang et 

al., 2018). Model results of wattle invasion in the Kromme catchment showed an increase in 

evapotranspiration rates and decrease in runoff and groundwater levels, which was consistent 

with findings from previous studies on wattle cover in other invaded catchments (Clulow et al., 

2011; Jarmain and Everson, 2002; Everson et al.,2007). At Two streams catchment in KwaZulu 

Natal, South Africa, ET increased (~1200 mm/yr) due to black wattle invasion (Clulow et al., 

2011). In a modelling exercise, Rebelo et al. (2015) predicted that clearing black wattle in the 

Kromme catchment and restoring wetlands to their condition in the 1950s resulted in a runoff 

increase of 1.13 Mm3/yr (3% of the supply to the Churchill dam, and 6% supply to Nelson 

Mandela Metropolitan). This was the modelled outcome of an 84% increase in wetlands and 

clearing 3.36 km2 of wattle. Model results from this study indicated that clearing wattle from 2% 

of the catchment (5.03 km2) results in average annual increase in runoff of 1.66 Mm3 which is 5% 

supply to the Churchill dam (35 Mm3 capacity).  

 

The location of a specific land cover within a catchment (riparian vs. upland) was shown to have 

a greater impact on the hydrological response in this study. Predicted results indicated that 

wattles have greater impact per unit area of invasion in riparian areas where water is readily 

available (shallow water tables), than wattles in upland (dry) areas as reported by a few other 

studies (Everson et al. 2007; Le Maitre et al., 2015; Salemi et al., 2012; Warburton, 2012). The 

proportional change in actual ET per unit area increase in IAPs was high under the WTFP 

scenario (0.35 Mm3) than the WTALL scenario (0.09 Mm3). Similar to ET, the proportional 

change in runoff per unit area increase in IAPs indicated a 0.36 Mm3 decrease in runoff under 

WTFP compared to a 0.07 Mm3 decrease under WTALL. Everson et al. (2007), showed that 

clearing riparian wattle trees increased streamflow by 6.47 m3/ha/yr, whilst clearing in dry lands 

increased flow by 5.62 m3/ha/yr. Fourie et al. 2007 and Dzikiti et al., 2013b also showed that 

clearing riparian invasion resulted in 25 and 35 mm/ year in groundwater fluctuations 

respectively. Differences in water use by trees may be due to vegetation characteristics but 

factors such as water accessibility, depth to the water table and storage capacities also play major 
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roles (Funk et al., 2017; Rebelo et al., 2015). Indigenous vegetation may also have similar water 

use characteristics to invading species thereby offsetting the benefits of alien clearing due to little 

or no change in water yield (Doody et al., 2011). 

 

The Kromme catchment was monitored during a very dry period which gave insights on the role 

of baseflow contributions in sustaining streamflow. Field hydrometric and hydrochemistry data 

showed that even during dry periods the alluvial aquifer water table remained constantly above 

the river channel level, thereby constantly sustaining river flows. Floodplain groundwater levels 

under dense wattle stands remained below piezometer depths (3 m below ground surface), while 

measured levels were highest in the palmiet wetlands. Model results also predicted higher 

floodplain groundwater levels in the palmiet scenario as expected than under wattle invasion 

scenarios. Wattle trees have been shown in other studies to lower the water table and soil water 

content (Dye et al., 2001; Everson et al., 2014), however there has been little research on the 

impacts of indigenous palmiet on these hydrological components (Rebelo et al., 2019). The 

palmiet ET rate was set low whilst the manning’s n and the detention storage was set higher 

than other cover types based on the literature (Rebelo, 2012), and field observations. The high 

water table was due to the set surface roughness, lower canopy interception, and soil properties 

assumed for palmiet vs. wattle trees. In reality, the fibrous palmiet roots act as filters, trapping 

sediments in floodplain channels and reducing the velocity of flowing water thereby encouraging 

recharge (Rebelo, 2012; Sieben, 2012).  

Although predicted groundwater levels were significantly lower under both wattle invasion 

scenarios (WTFP and WTALL), results of this study show that hydrological connectivity 

remained between the channel and alluvial aquifer although significantly lower compared to the 

CRNT and PMFP scenarios. 

 

7.4.3 Implications of modelling results for hydrological process understanding 

 and catchment management 

Model results showed high levels of groundwater and surface water interactions therefore 

invasion by wattle trees could be critical particularly on low flows in this catchment. 

Furthermore, black wattle invasions were predicted to reduce water quantity in the catchment. 

In reality, reduced water quantity could result in reduced dilution capacity of water in the river 

system thereby negatively affecting the water quality particularly during periods (Saraiva Okello 

et al., 2018).Loss of water services resulting from alien plant invasion has been motivation for 

large scale restoration plans in recent years (McConnachie et al., 2012; WFW, 1995). The 

Kromme River catchment is one of the few sites in this country with an extensive wetland 
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restoration program therefore studies of this nature are aimed at assisting such programmes 

with scientifically informed strategies. If modelled changes were to take place in the catchment, 

there are potential real world consequences for i.e. local downstream and regional water supply 

particularly to the Port Elizabeth Metropolitan that periodically experiences severe water 

shortages. WTALL scenario was an extreme case of invasion, but results highlighted potential 

impacts in the long-term if all clearing work stopped and wattles expand in coverage. Expansion 

of floodplain wattle (WTFP) may occur earlier if clearing stops because wattle trees grow faster in 

the floodplain due to easy access to water. If the catchment’s water resources are to be protected, 

the alien control programme should continue in the Kromme with regular follow ups considering 

the scale of invasions and predicted magnitudes of impacts indicated by results of this study.  

 

Quantitative estimates of alien tree invasion for the upper Kromme catchment suggest potential 

impacts on water supply in the region particularly the Nelson Mandela Metropolitan. Predicted 

results indicated that clearing 2% of the catchment (5.03 km2) results in an average annual 

increase in runoff of 1.66 Mm3 which is 5% supply to the Churchill dam (35 Mm3). Annual yield 

would decrease by 14.9 Mm3 (for 2008-2018) between the WTALL vs. the CRNT scenarios. The 

decrease is equal to 42% of the total volume of the Churchill Dam which supplies water to the 

Nelson Mandela Metropolitan.  

 

7.5 CONCLUSION 

This study used hydrologic modelling to assess the likely impacts of continued invasion of 

woody alien trees compared to IAPs clearing and subsequent palmiet wetland restoration on 

streamflow and groundwater in a semi-arid meso-scale catchment. Field data was used to 

answer questions on flow connectivity and selection of some parameter values to ensure the 

model structure met the needs of its application in terms of process representation and desired 

outputs. Given scenarios of further woody alien invasions, simulated model results showed a 

reduction in streamflow and the drawdown of storage from the alluvial aquifer due to increased 

transpiration rates. Model results indicated that clearing of floodplain black wattle and allowing 

the regeneration of palmiet increases groundwater levels in the floodplain by 13%, baseflow by 

9% and total outflow by 4% in the semi-arid meso scale mountainous catchment. The 

hydrological impacts of vegetation cover changes on low flows, floods and overall water yield 

differed with vegetation type, extent and topographic location of vegetation cover change, and 

climate regime. Model results indicated that water use by black wattle trees was not uniformly 

proportional to the unit area occupied but depend greatly on the specific location of the trees 

within the catchment.  
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 

8.1 General Conclusions 

8.1.1 Introduction 

Understanding the impacts of vegetation cover changes on hydrological processes is a key part 

of catchment management in areas where large-scale land cover changes are occurring. The goal 

of this study was improve the simulation of vegetation impacts on hydrological processes in a 

semi-arid meso scale catchment. Field data was used to guide the development of a conceptual 

model of the catchment and to structure the numeric model. This was also done to ensure that 

the model structure met the needs of its application in terms of process representation and 

desired outputs. The model was used to run selected possible land cover scenarios of change. 

Likely impacts of alien invasion, clearing and floodplain palmiet regeneration on streamflow 

and groundwater in the Kromme catchment were assessed from the predicted results. 

Information gathered from the field data, and predicted impacts of likely alien invasion scenarios 

on water resources adds to the knowledge base of semi-arid systems in mountainous settings. 

 

8.1.2 Developing a conceptual model for a semi-arid meso scale mountainous 

 catchment based on hydrometry and hydrochemistry analyses  

8.1.2.1 Streamflow characteristics and dominant flowpaths linking landscape units in the 

 Kromme catchment 

Precipitation, soil water content, groundwater levels, and flow data (2017-2019) were analysed 

both in turn and in combination, to identify patterns that indicated the occurrence and 

dominance of certain processes, responses, and flowpaths. Results showed how the steep and 

rocky areas that make up much of the catchment resulted in significant flood peaks after 

high-intensity storms. Large proportional contributions of quick flow to river flows were 

observed only after heavy storms (>15 mm/day).  

 

The Kromme central valley runs between parallel mountain ranges (trellis drainage pattern) with 

steep, deeply incised, tributary valleys that are perpendicularly oriented to the main valley. 

Mountain bedrock aquifer flow into tributaries appeared constant as seeps were observed 

flowing consistently into tributaries even during the drought. Surface and subsurface flows from 

perennial tributaries, originating in the mountains, were significant in recharging the central 

valley floodplain alluvial aquifer and maintaining streamflow in the main channel even during 

dry periods. Furthermore, the catchment has a sizeable floodplain with large alluvial aquifers 

that make significant contributions to catchment storage and outflows. Measured water level 
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gradients between shallow groundwater and surface water in the river indicated that subsurface 

flow from the floodplain alluvial aquifer and mountain bedrock aquifer maintains the river 

baseflow. Tracer source component separation also supported this observation shown by high 

percentages of groundwater contribution to surface water particularly during the dry periods. 

Infiltration and percolation to the alluvial aquifer also raises the gradient of the floodplain water 

table resulting in increased alluvial aquifer flow to channel.  

 

Recession patterns showed that the channel receives flow from different storages and flowpaths. 

Overall, the catchment streamflow was dominated by baseflow during the field monitoring 

period. Average annual runoff coefficients were low (less than 10% of precipitation became 

runoff), implying large ET withdrawals from dominant flowpaths and/or storage in inactive 

groundwater.  

 

Hydrometric techniques highlighted possible flowpaths and groundwater surface water 

interactions between the mountain, floodplain and channel as well as likely sources contributing 

to streamflow in this catchment. Most of these flowpaths and processes were conceptualized but 

not explicitly quantified using hydrometric data i.e. proportional contributions of alluvial and 

bedrock flow into tributaries and main channel. Isotope data therefore confirmed the occurrence 

of some conceptualised flowpaths, sources and quantified proportional contributions from each 

source and/or flowpath.  

 

8.1.2.2 Field evidence of impacts of black wattle, palmiet and grassland cover types on 

 processes in the floodplain based on soil water content and water table data 

Characterizing available soil water under different vegetation types offered unique insights into 

soil water status, depletion and recharge which were all essential for understanding vegetation 

impacts on hydrological processes. Rainfall, vegetation type and antecedent conditions were 

identified as the major factors controlling variations in the floodplain soil water content and 

water table fluctuations. Field data indicated that the wattle trees were likely using soil water for 

evapotranspiration at higher rates than palmiet and grass. Soils under wattle trees drained 

faster after events and the water table was deeper at the wattle site as it was below the depth of 

installed piezometers (3 m) for more than 90% of the time, only rising to this depth following 

heavy storms greater than 40 mm/day. This implied less flow contributions from the alluvial 

aquifer to river flows at this site. In areas without black wattle trees (palmiet and grassland), 

shallow groundwater levels remained within 2 m of the ground surface for prolonged periods 

constantly discharging into the river. On average, soil water content and water retention were 
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significantly higher (p<0.05) at the palmiet site, whilst the wattle site had the lowest among the 

three sites. Palmiet traps sediment and reduces water velocity in channels due to the clonal 

nature of its extensive root system (Rebelo et al., 2015; Sieben, 2012), therefore subsurface 

water was retained for longer periods in palmiet dominated area and recharge of deeper soil 

horizons was promoted. Temporal variations of soil water content under the different land cover 

types were not always consistent with rainfall event sizes due to differences in the dry sequence 

durations preceding events. 

 

Removal of invading species and replacing or allowing the regrowth of native herbaceous species 

may result in increased water retention and infiltration rates, reduced ET rates and a consequent 

increase in floodplain groundwater levels as shown by the results of this study. Given the relative 

importance of floodplain landscapes particularly in arid and semi-arid catchments, as well as the 

global increase in land use and land cover changes particularly alien invasions in riparian 

landscapes, quantitative studies of this kind are therefore imperative regarding impacts of 

contrasting land cover types on floodplain hydrology (Gao et al., 2014; Ziadat and Taimeh, 

2018).  

 

8.1.2.3 Hydrological process understanding from the spatio-temporal variation of water 

 physico-chemistry and isotope tracer patterns in a semi-arid mountainous catchment. 

The spatio-temporal variability of water physico-chemistry and environmental tracer patterns 

were used to improve hydrological process understanding in the Kromme catchment. Tracer 

data indicated steady contribution of groundwater to surface flows in the main channel and 

tributaries confirming results observed through hydrometric techniques. Isotopic evidence 

demonstrated that the δ18O and δ2H compositions in the Kromme River exhibited spatial and 

temporal variability from the upper to lower reaches, controlled by atmospheric temperature. 

Water samples generally got enriched along the river length moving downstream. Overall, 

although water samples were increasingly enriched downstream, some locations had depleted 

samples in locations were tributaries join the main channel. This indicated influences of water 

from mountain tributaries and groundwater from the bedrock aquifer contributing to the 

channel.  

 

Similar to isotope tracers, EC values generally increased along the length of the river due to 

evaporation. However, surface water had low EC values overall (<350 μS/cm). Deep 

groundwater in the catchment also had relatively low EC in general (EC <1000 uS/cm), which is 

associated with the fractured sandstone formations characteristic of the TMG regions that are 
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not associated with high salinity. Low EC in groundwater also implied pronounced aquifer 

recharge by direct rainfall.  

 

From the hydrometric analyses, surface runoff was shown to dominate for short periods after 

storm events. Tracer source component separation from the snapshot sampling showed direct 

runoff contributions up to 10% from events occurring during dry periods and increasing (up to 

40%) in wet periods. Mountain bedrock aquifer flow into tributaries was observed through 

seeps. Similarities in isotope samples of seeps and tributary water during the monitoring period 

confirmed the constant groundwater contribution from the bedrock aquifer to tributary surface 

flow even during dry periods. Source component separation showed that groundwater from both 

the bedrock and alluvial aquifers sustained streamflow with combined contributions accounting 

for up to 98% of the streamflow during the dry period. These snapshot sample results cannot be 

generalised to estimate annual contribution values for these source components, but they give an 

idea of the variability of the flow components spatially and temporally. In general, groundwater 

from the alluvial aquifer contributed significantly to river flow (up to 90% in some cases). The 

high baseflow contribution to total flows during both dry and wet conditions was also 

highlighted by hydrometric data which showed that the main river was a consistently gaining 

system. Adding isotopes and physico-chemistry data led to the improvement of the conceptual 

model of flowpaths in the catchment.  

 

8.1.2.4 Hydrological methods for characterization of processes in semi-arid TMG catchments 

Hydrometric data indicated the occurrence and dominance of particular processes, responses, 

and flowpaths. The spatiotemporal variability of environmental and geochemical tracers 

improved the understanding of flowpaths, stream water sources and proportions of different 

sources contributing to river flows. The combination of different methods led to the 

improvement of the conceptual model of flowpaths for the Kromme catchment. Coupled EC 

values, Cl and isotopic compositions were effective as indicators for flowpaths, sources and 

proportional contributions to river flows however their application alone or on individual basis 

in large scale, highly fractured catchments could be challenging due to low temporal variation in 

some cases. Chemical compositions of some sources were too similar to be used for source 

component separations. Isotopes were effective in revealing recharge mechanisms but could not 

be used to understand other factors influencing water quality. EC was effective in showing 

surface and subsurface processes influenced by evaporation, substrate materials and 

mineralization processes, and to some extent recharge. Water chemistry in TMG catchments has 
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been reported to be consistent due to the lack of marked variations (Diamond, 2014), thereby 

making it difficult to use a single water chemistry parameter to draw conclusive results.  

 

8.1.3 Modelling impacts of selected land cover types on the hydrological response 

 of a semi-arid meso-scale, mountainous catchment  

Knowledge from the hydrometry and hydrochemistry analyses was important in structuring the 

distributed MIKE SHE model for simulation of vegetation impacts on hydrological processes in 

the Kromme catchment. The spatially and vertically distributed model allowed targeted analyses 

of the influence of alternative vegetation cover scenarios on particular flowpaths and processes at 

different locations in the catchment. Hydrological modelling proved invaluable in quantifying 

some of the conceptualised flowpaths in this catchment, i.e. quantifying how much groundwater 

from the bedrock gets to the alluvial aquifer and eventually to the main channel, and what 

proportion of groundwater from the alluvial aquifer contributes to streamflow.  

Scenario runs were also developed to assess potential impacts of possible future land cover 

changes. Simulated model results showed a reduction in streamflow (up to 38%) and the 

drawdown of storage from the alluvial aquifer because of increased transpiration rates due to 

woody alien invasions. Results also showed that clearing of floodplain black wattle and allowing 

the regeneration of palmiet increases groundwater levels in the floodplain by 13%, baseflow by 

9% and total outflow by 5%. The palmiet scenario was also associated with a small decrease in 

floodplain ET (0.02%) and a net increase in alluvial aquifer contribution to river flow of 10% 

compared to the current cover. Results supported the hypothesis that clearing of woody alien 

trees such as black wattle and allowing the regeneration of herbaceous species such as palmiet in 

a semi-arid meso scale mountainous catchment results in increased runoff and floodplain 

groundwater patterns. 

Predicted groundwater levels were significantly low under both wattle invasion scenarios (WTFP 

and WTALL). However, results showed that hydrological connectivity remained between the 

channel and alluvial aquifer indicating the importance of the alluvial aquifer storage in this 

catchment comparable to results by Everson et al. (2014). Similar to field observations, the 

model succeeded in predicting high groundwater levels under palmiet vs. other land cover 

scenarios. The floodplain alluvial water table has an impact on catchment outflow and water 

yield therefore alien invasion in floodplains can have detrimental effects on overall outflow and 

catchment water yield particularly in large scale catchments that have sizeable floodplains. This 

is less of a concern in smaller catchments, however in large catchments like the Kromme, 

different mechanisms give vegetation access to water in the floodplain i.e. river and alluvial 

aquifer contributing to changes in floodplain soil water content dynamics. The alluvial aquifer 
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receives substantial surface and subsurface flows from the mountains, therefore floodplain 

invasion by black wattle impacts the floodplain water table, and overall yield as the alluvial 

aquifer discharges into the river.  

Model results also indicated that ET and streamflow response from a specific land cover type is 

not uniformly proportional to the unit area occupied by the land cover but depends greatly on the 

specific location of the land cover type within the catchment. Alien invading woody species were 

shown to have increased transpiration rates and reduced runoff in riparian areas compared to 

drier upland areas.  

 

8.2 Summary of knowledge contribution 

This work contributes significantly to the knowledge of runoff generation processes in semi-arid 

meso scale mountainous catchments using a multi method approach. The Kromme catchment 

covers 360 km2 and has both steep areas (mountainous terrain) and flat floodplain areas (with 

significant alluvial deposits) where processes vary due to the diversity of topographic 

characteristics, geomorphological factors and precipitation inputs. This topographic diversity 

would be expected at this spatial scale, particularly in mountainous regions, however the 

connectivity between different landscape units has rarely been studied, particularly in semi-arid 

areas in which thresholds of saturation are more rarely met. The study provided a case-study of 

how the steep hillslopes can be hydrologically connected to valley bottoms in mountainous 

catchments at the meso scale in a dryland setting. In this case, surface water from the mountains 

(bedrock outflow and surface flow from rainfall), flows in tributaries to the main river, whilst 

some of this water infiltrates on the floodplain recharging the alluvial aquifer. The alluvial 

aquifer, in turn, also discharges into the river maintaining flows. These findings provide a 

potential conceptual model to be considered for other catchments in the TMG region, and other 

semi-arid settings with similar topographic characteristics. The study also highlighted the 

possible impacts of black wattle invasion on streamflow and groundwater in semi-arid settings, 

and illustrated how the location of cover changes is likely to influence their catchment-scale 

impact in this type of environment. The study also highlighted the significance of palmiet 

wetlands on floodplain alluvial aquifer recharge and storage, and most importantly, catchment 

yield. 

 

The combined use of hydrometry, isotopes and physico-chemical data has not been extensively 

explored in this region, therefore this study also contributes to the few studies on runoff 

generation that used this approach to understand processes (Smith and Tanner, 2019). 

Furthermore, the use of isotopes and physico chemistry for source component separation had 
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not been explored at the catchment scale in the Kromme. This is a new data set that can be used 

as a basis to explore additional water quality components and patterns in the catchment.  

 

This study also highlighted the importance of combining modelling and a field based study for a 

comprehensive understanding of processes in a large meso scale semi-arid mountainous 

catchment. Field data helped with process understanding and structuring of the numerical 

model whilst the modelling helped to explore likely impacts of land cover changes in the 

catchment. Mapping of the topographic land units dominant in the catchment using the Height 

Above the Nearest Drainage (HAND) and slope, helped to understand the dominant 

hydrological processes controlling runoff generation in the catchment. Using different methods, 

this study revealed sources, flowpaths and different patterns of runoff generation and the likely 

impacts of particular land cover changes on water yield, and groundwater and surface water 

interactions.  

 

8.3 Implications for water resources management 

The findings of this thesis can be used to guide water resource protection and restoration 

strategies as areas of potential vulnerability to land cover changes and probable quantities of 

water that can be gained or lost due to palmiet regeneration or alien invasion respectively were 

shown. Quantitative estimates of invasion impacts for the Kromme catchment suggests potential 

impacts on water supply in the region. Modeled scenarios of change indicated that full expansion 

of IAP cover in the upper Kromme catchment could result in a 38% decrease in average annual 

catchment yield. Predicted annual yield decreased from 38.64 Mm3 to 23.79 Mm3 for 2008-2018 

period, under the full expansion of IAP vs. the CRNT scenario. The predicted difference between 

the two scenarios (14.9 Mm3) was equal to 42% of the total volume of the Churchill Dam (one of 

the dams that supply water to the Nelson Mandela Metropolitan region) which the Kromme 

River drains into.  

Although results of this study are focused on a semi-arid catchment in South Africa, the reported 

findings are globally relevant as they are general hydrological principles that give ideas of the 

magnitudes and the direction of invasion impacts on hydrological processes in semi-arid 

settings. 

 

8.4 Recommendations for future research 

 Coupled EC values, Cl and isotopic compositions were effective as indicators for 

flowpaths and sources, however their application on individual basis in large scale, 

highly fractured catchments can be challenging due to low temporal variation. Additional 
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detailed water quality data is also required which can be obtained by using automated 

samplers at various points to capture variability in water quality signatures at small 

temporal resolutions.  

 For isotope studies, additional rain stations and isotope samplers are needed. Isotope 

studies can also be extended to measurements of isotopic compositions from tree sap 

flow to identify transpiration water sources of the trees.  

 The number of active rainfall stations in the catchment continues to decrease, therefore 

additional resources need to be dedicated for establishment of more stations and the 

maintenance of available ones.  

 Streamflow was estimated from rating curves and flow data from a few selected points as 

well as dam inflow data adding to uncertainties in the comparison of observed vs. 

modelled results therefore a recommendation would be the construction of gauging weirs 

where flows can be measured directly. 

 The modelling exercise shows room for model structure improvement particularly 

through additional knowledge on subsurface layers responsible for generation of deep 

groundwater in the catchment. In some instances the model over and under predicted 

peak flows which could be resolved by improving the spatial distribution of rainfall in the 

catchment i.e. more rain gauges at different elevations, testing of satellite based 

estimates, etc.  

 Further modelling work can be done to integrate results from this work with reservoir 

models for water supply impacts in the catchment.  

 The modelling exercise showed that black wattle trees use more water in riparian areas 

than upland dry areas, however more research is required to quantify water use 

characteristics of indigenous trees that often replace the alien trees after clearing.  
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CHAPTER 10: THESIS APPENDICES 

10.1 Chapter 4 supplementary material 

 

Figure 4A1: Recession patterns for different individual events at each site. The different icons per 

graph per site represent different recession events. 

10.2 Chapter 5 supplementary material 

 
Figure 5A1: Variations in SWC responses with depth at the three sites during different seasons 
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Figure 5A2: Mean soil water content variations at the grass, palmiet and wattle sites 

 
Table 5A1: Analysis of variance between observed SWC at the three sites 

Anova: Single  

     Groups Count Average Variance 

  Grass 751 25.51 66.41 

  Palmiet 751 27.56 87.67 

  Wattle 751 19.44 143.1 

  ANOVA 

     Source of Variation SS MS F P-value F crit 

Between Groups 26805.17 13402.58 135.3042 3.25E-56 2.999724 

Within Groups 222874.1 99.05516 

   Total 249679.3         
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Descriptive Statistics Grass Palmiet Wattle 

Mean 25.51 27.56 19.44 

Standard Error 0.3 0.34 0.44 

Median 23.88 26.05 16.07 

Standard Deviation 8.15 9.36 11.96 

Minimum 15.07 16.22 12.04 

Maximum 99.31 99.66 99.8 

Confidence Level(95.0%) 0.58 0.67 0.86 

t-Test: Two-Sample Assuming Unequal Variances 

  Grass Palmiet 

Mean 25.50627 27.5631 

Variance 66.40531 87.66455 

Observations 751 751 

df 1472 

 t Stat -4.54109 

 P(T<=t) one-tail 3.03E-06 

 t Critical one-tail 1.645889 

 P(T<=t) two-tail 6.05E-06 

 t Critical two-tail 1.961577   

t-Test: Two-Sample Assuming Unequal Variances 

  Grass Wattle 

Mean 25.50627 19.43778 

Variance 66.40531 143.0956 

Observations 751 751 

df 1323 

 t Stat 11.48966 

 P(T<=t) one-tail 1.71E-29 

 t Critical one-tail 1.646006 

 P(T<=t) two-tail 3.42E-29 

 t Critical two-tail 1.961759   

t-Test: Two-Sample Assuming Unequal Variances 

  Palmiet Wattle 

Mean 27.5631 19.43778 

Variance 87.66455 143.0956 

Observations 751 751 

df 1418 

 t Stat 14.65818 

 P(T<=t) one-tail 1.05E-45 

 t Critical one-tail 1.645929 

 P(T<=t) two-tail 2.1E-45 

 t Critical two-tail 1.961638   
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10.3 Chapter 6 supplementary material 

 
Figure 6A1: δ2H (‰) vs. δ18O (‰) for summer 2017/2018 samples in the Kromme catchment 
 

 
Figure 6A2: EC variation in river and groundwater downstream at Willowvale 
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Table 6A1. Summary of statistical analysis of EC, CL and δ18O for deep groundwater samples 
Sample Type Site  Site  Variable N  P Value Significance 

DG vs. SW KD BH vs. KD RV Upper 
catchment 

EC 8 P = <0.001 SD 

CL 7 P = 0.086 NSD 

δ18O 7 P = <0.001 SD 

DG vs. DG KD BH vs. JBHU Upper vs. 
Midcatchment 

EC 8 P = <0.001 SD 

CL 7 P = 0.007 SD 

δ18O 7 P = 0.555 NSD 

DG vs. DG KD BH vs. JBHL Upper vs. 
Midcatchment 

EC 8 P = <0.001 SD 

CL 7 P = 0.004 SD 

δ18O 7 P = 0.018 SD 

DG vs. DG KD BH vs. PK BH Upper vs. 
Midcatchment 

EC 8 P = <0.001 SD 

CL 7 P = 0.482 NSD 

δ18O 7 P = 0.759 NSD 

DG-Deep Groundwater, SW – Surface Water, SGW- Shallow Groundwater, RV – River, TB- Tributary, 
MR – Main river 
 
 
Table 6A2. Mean, minimum, maximum and standard deviations of deep groundwater  

Deep Groundwater 

  
EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 1033.5 6.8 18.46 -33.25 -5.97 311.6 14.52 

KDBH SD 185.6 1.3 1.07 0.94 0.16 162.69 1.52 

 
Min 705 6.01 17 -34.6 -6.22 145.8 12.76 

 
Max 1210 9.36 19.9 -32.34 -5.82 519.7 16.92 

 
Count 6 6 6 5 5 5 5 

  
EC pH Temp (C) 2H O18 Chloride D-Excess 

JBHU Mean 283.1 5.91 19.07 -34.67 -6.39 91.54 16.45 

 
SD 85.5 0.3 0.98 10.09 1.49 52.43 2.21 

 
Min 88.2 5.41 17.8 -52.89 -9.21 17.5 14.34 

 
Max 351.2 6.27 20.8 -18.02 -4.07 154.8 20.78 

 
Count 9 8 9 7 7 7 7 

  
EC pH Temp (C) 2H O18 Chloride D-Excess 

JGBHL Mean 236.2 6.39 19.62 -19.42 -4.75 73.09 18.62 

 
SD 20.76 0.31 1.13 3.25 0.94 49.93 4.45 

 
Min 219.5 5.93 18.1 -22.7 -5.63 16.5 10.43 

 
Max 272.6 6.93 21.6 -12.49 -2.87 140.7 23 

 
Count 9 7 9 7 7 7 7 

  
EC pH Temp (C) 2H O18 Chloride D-Excess 

PKBH Mean 477.2 5.81 24.49 -31.03 -5.95 255.94 16.53 

 
SD 94.1 0.72 7.44 0.4 0.16 102.93 1.48 

 
Min 230.6 5.01 14.3 -31.72 -6.17 102.6 14.84 

 
Max 548 7.28 34.1 -30.6 -5.69 418 18.68 

 
Count 9 9 9 7 7 7 7 
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Table 6A3. Mean, minimum, maximum and standard deviations of upstream groundwater  

Groundwater from the alluvial aquifer -Upper catchment 

KMPZ E   EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 391.9 5.6 21.2 -31.3 -5.7 175.9 14.3 

 
SD 43.7 0.3 2.4 1.9 0.4 94.5 3.7 

 
Min 324.8 5.2 18.0 -33.7 -6.4 79.2 7.0 

 
Max 467.7 6.0 24.5 -29.4 -5.1 311.7 17.4 

 
Count 7 7 7 6 6 6 6 

KMPZ G   EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 341.2 5.4 19.2 -30.7 -5.8 181.6 15.8 

 
SD 55.7 0.2 1.8 4.1 0.7 122.7 1.5 

 
Min 293.8 5.0 16.5 -37.8 -7.0 68.6 13.9 

 
Max 434.9 5.6 21.6 -27.4 -5.4 380.0 18.0 

 
Count 6 6 6 5 5 5 5 

KMPZ H   EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 375.0 5.2 19.9 -20.6 -4.3 207.9 14.0 

 
SD 62.2 0.3 2.7 4.5 0.9 125.1 3.1 

 
Min 263.2 4.9 15.8 -27.1 -5.7 97.3 12.1 

 
Max 429.5 5.6 23.2 -17.5 -3.7 387.6 18.7 

 
Count 6 6 6 4 4 4 4 

KPZ 1   EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 910.2 5.8 19.0 -31.2 -5.9 431.9 15.9 

 
SD 83.7 0.2 1.8 5.7 0.8 209.2 1.1 

 
Min 765.0 5.7 16.6 -40.0 -7.2 139.3 15.3 

 
Max 990.0 6.1 21.4 -26.3 -5.2 717.0 17.8 

 
Count 6 6 5 5 5 6 5 

KPZ 3   EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 926.9 5.9 19.6 -27.7 -5.4 256.8 15.7 

 
SD 370.3 0.2 2.7 1.6 0.5 121.1 3.0 

 
Min 682.0 5.6 16.8 -30.3 -6.0 112.4 11.3 

 
Max 1564.0 6.2 23.1 -26.3 -4.7 442.5 19.0 

 
Count 7 7 6 5 5 6 5 

 

Table 6A4. Mean, minimum, maximum and standard deviations of midcatchment groundwater  

Groundwater from the alluvial aquifer -Midcatchment 

HVPZ 4   EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 804.2 6.1 18.5 -15.3 -3.2 243.5 10.4 

 
SD 28.0 0.2 3.5 5.4 1.0 112.7 3.3 

 
Min 773.0 5.7 14.4 -23.6 -4.5 114.9 4.7 

 
Max 846.0 6.3 23.2 -9.1 -1.7 325.5 13.5 

 
Count 6 6 6 6 6 3 6 

HVPZ 1   EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 689.9 5.5 17.8 -15.3 -3.6 268.9 13.5 

 
SD 370.4 0.4 3.8 4.2 0.7 184.0 1.7 

 
Min 314.4 4.8 12.1 -22.4 -4.7 115.8 11.7 

 
Max 1498.0 6.0 22.6 -11.6 -2.9 531.3 15.6 
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Count 8 8 8 6 6 7 6 

HPZ 2   EC pH Temp (C) 2H O18 Chloride D-Excess 

 
Mean 1299.3 6.2 17.6 -18.7 -4.2 607.0 14.8 

 
SD 338.7 0.3 3.6 2.2 0.5 447.0 2.6 

 
Min 761.0 5.7 12.7 -21.0 -5.1 246.9 11.0 

 
Max 1732.0 6.6 22.0 -15.1 -3.5 1527.0 19.6 

 
Count 8 8 8 7 7 7 7 

 
Table 6A5. Mean, minimum, maximum and standard deviations of groundwater  

Groundwater from the alluvial aquifer -Lower catchment 

WVPZ 7   EC pH Temp (C) 2H O18 Chloride D-Excess 

 

Mean 432.0 5.5 19.0 -20.3 -4.4 339.0 15.3 

 

SD 74.8 0.5 2.0 10.4 1.4 194.5 2.8 

 

Min 353.2 4.9 16.3 -31.5 -5.9 174.0 11.2 

 

Max 533.0 6.2 21.0 -8.3 -3.2 569.0 17.1 

 

Count 4 4 4 4 4 4 4 

WVPZ 4   EC pH Temp (C) 2H O18 Chloride D-Excess 

 

Mean 647.7 5.8 19.2 -16.5 -3.8 308.9 13.9 

 

SD 207.9 0.4 1.7 4.9 1.1 119.2 4.5 

 

Min 406.2 5.4 16.3 -21.7 -4.7 224.1 5.6 

 

Max 1010.0 6.4 20.9 -9.4 -1.9 547.0 18.0 

 

Count 7 7 7 6 6 6 6 

 
Table 6A.6 R2 and slope values for rainfall, surface and groundwater 

 Aug-2017 Nov-2017 Feb-2018 May-2018 Aug-2018 Nov-2018 n 

 R
2
 Slope R

2
 Slope R

2
 Slope R

2
 Slope R

2
 Slope R

2
 Slope  

DG 0.89 30 0.9 14 0.99 8.3 0.96 8.7 0.97 6.5 0.99 7.6 4 

SGW 0.84 7 0.85 7.8 0.97 5.85 0.96 5.8 0.96 5.8 0.97 6.6 14 

RV 0.8 5.2 0.64 4.1 0.92 5.3 0.95 4.6 0.94 4.9 0.76 3.8 8 

Rain   0.97 7.9 0.78 9.4 1 6.68 0.85 10.6 0.87 5.9 4 

TB 0.3 0.6 0.55 6.4 0.99 6.4 0.98 5.8 0.95 6.96 0.97 5.3 4 

DG-Deep Groundwater, SW – Surface Water, SGW- Shallow Groundwater, RV – River, TB- Tributary 

 
Table 6A.7: Statistical summary of river pH values 

Main river pH 

 
Mean SD Min Max Count 

Upper catchment 6.04 0.57 5.09 7 18 

Midcatchment 5.86 0.50 4.45 6.53 24 

Lower catchment 6.18 0.42 5.5 6.86 10 
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Table 6A.8: Statistical summary of observed water quality variables in tributaries 

Tributaries EC (µS/cm) pH Temp (C) 2H O18 Chloride D-Excess 

Mean 210 5.98 19.96 -20.84 -4.76 98.63 17.25 

SD 67.23 0.53 5.15 4.16 0.72 73.59 2.53 

Min 127.6 4.88 10.8 -26.08 -5.71 9.1 11.88 

Max 340.9 7 29.7 -10.87 -3.05 269.6 22.36 

Count 29 29 29 19 19 19 19 

 
Table 6A.9 Statistical results for EC, CL and δ18O for SW and GW from the alluvial aquifer samples  
Sample Type Site  Site  Variable N  P Value Significance 

SGW vs. SGW HVPZ1 vs. 
WVPZ4 

Midcatchment vs. 
Lower catchment 

EC 8 P = 0.795 NSD 

CL 7 P = 0.181 NSD 

δ
18

O 7 P = 0.696 NSD 

SGW vs. SGW HVPZ2 vs. 
WVPZ4 

Midcatchment vs. 
Lower catchment 

EC 8 P = <0.001 SD 

CL 7 P = 0.143 NSD 

δ
18

O 7 P = 0.423 NSD 

SW vs. SW HV vs. WV Midcatchment vs. 
Lower catchment 

EC 8 P = 0.002 SD 

CL 7 P = 0.636 NSD 

δ
18

O 7 P = 0.493 NSD 

SW – Surface Water, SGW- Shallow Groundwater  
 
 
Table 6A.10 Statistical results for EC, CL and δ18O samples from all sampled water sources  
Sample Type Site  Site  Variable N  P Value Significance 

DG vs. DG JBHU  vs. JBHL Midcatchment EC 8 P = 0.179 NSD 

CL 7 P = 0.513 NSD 

δ
18

O 7 P = 0.031 SD 

DG vs. SW JBHU  vs. JBRU Midcatchment EC 8 P = 0.538 NSD 

CL 7 P = 0.563 NSD 

δ
18

O 7 P = 0.002 SD 

DG vs. SW JBHU  vs. JBRD Midcatchment EC 8 P = 0.396 NSD 

CL 7 P = 0.367 NSD 

δ
18

O 7 P = 0.004 SD 

DG vs. TB JBHU  vs. JBTU Midcatchment EC 8 P = 0.002 SD 

CL 7 P = 0.303 NSD 

δ
18

O 7 P = 0.043 SD 

SW vs. DG JBRU  vs. JBHL Midcatchment EC 8 P = 0.014 SD 

CL 7 P = 0.227 NSD 

δ
18

O 7 P = 0.048 SD 

DG vs. SW JBHL  vs. JBRD Midcatchment EC 8 P = 0.216 NSD 

CL 7 P = 0.150 NSD 

δ
18

O 7 P = 0.061 NSD 

DG vs. DG JBHU  vs. PK BH Midcatchment EC 8 P = <0.001 SD 

CL 7 P = 0.003 SD 

δ
18

O 7 P = 0.449 NSD 

DG vs. DG JBHL  vs. PK BH Midcatchment EC 8 P = <0.001 SD 
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CL 7 P = 0.001 SD 

δ
18

O 7 P = 0.006 SD 

DG vs. DG PK SP  vs. PK BH Midcatchment EC 8 P = <0.001 SD 

CL 7 P = 0.030 SD 

δ
18

O 7 P = 0.039 SD 

DG vs. TB PK SP  vs. PK TB Midcatchment EC 8 P = 0.004 SD 

CL 7 P = 0.299 NSD 

δ
18

O 7 P = 0.346 NSD 

DG vs. TB PK BH  vs. PK TB Midcatchment EC 8 P = <0.001 SD 

CL 7 P = 0.040 SD 

δ
18

O 7 P = <0.001 SD 

DG vs. SW PK BH  vs. HV Midcatchment EC 8 P = <0.001 SD 

CL 7 P = 0.017 SD 

δ
18

O 7 P = <0.001 SD 

MR vs. TB HV  vs. PK TB Midcatchment EC 8 P = 0.036 SD 

CL 7 P = 0.706 NSD 

δ
18

O 7 P = <0.001 SD 

DG vs. SGW PK BH  vs. 
HVPZ1 

Midcatchment EC 8 P = 0.187 NSD 

CL 7 P = 0.874 NSD 

δ
18

O 7 P = <0.001 SD 

DG vs. SGW PK BH  vs. 
HVPZ2 

Midcatchment EC 8 P = <0.001 SD 

CL 7 P = 0.066 NSD 

δ
18

O 7 P = <0.001 SD 

SW vs. SGW  HV vs. HVPZ1 Midcatchment EC 8 P = 0.006 SD 

CL 7 P = 0.066 NSD 

δ
18

O 7 P = 0.514 NSD 

SW vs. SGW  HV vs. HVPZ2 Midcatchment EC 8 P = <0.001 SD 

CL 7 P = 0.014 SD 

δ
18

O 7 P = 0.341 NSD 

MR vs. TB  HV vs. WE Midcatchment EC 8 P = 0.002 SD 

CL 7 P = 0.626 NSD 

δ
18

O 7 P = 0.426 NSD 

TB vs. TB PK TB vs. WE Midcatchment EC 8 P = <0.001 SD 

CL 7 P = 0.459 NSD 

δ
18

O 7 P = 0.006 SD 

DG-Deep Groundwater, SW – Surface Water, SGW- Shallow Groundwater, RV – River, TB- Tributary, 
MR – Main river 
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10.4 Chapter 7 supplementary material 

 
Figure 7A.1: Observed wettest (a) and driest (b) rainfall and streamflow years 

 

Table 7A.1: Runoff ratio from the model for 2017 and 2018 

Year 2017 2018 

Modelled  0.1 0.2 

Observed 1 0.1 0.1 

Observed 2 0.1 0.1 
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Table 7A.2: Dry and wet streamflow and rainfall years 
 Rainfall years            Streamflow 

 min max min max 

Observed  2017 2012 2017 2012 

Modelled  2009 2015 2009 2015 

 

 

 
Figure 7A.2: Variations in long term (a) daily, (b) annual and (c) average monthly rainfall 

 

Table 7A.3: Predicted streamflow yield per year in Mm3 

Date CRNT PMFP WTFP WTALL 

2008 16.15 18.17 14.92 8.90 

2009 11.43 12.75 10.35 6.30 

2010 12.44 13.81 11.48 6.00 

2011 54.97 56.49 53.29 30.97 

2012 85.63 87.55 82.28 53.52 

2013 34.22 35.95 32.31 20.41 

2014 27.90 29.81 26.14 15.45 

2015 99.92 102.06 96.06 66.44 

2016 12.28 14.19 11.40 5.71 

2017 12.08 13.09 11.11 6.34 

2018 58.01 59.36 55.29 41.68 
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Table 7A.4: Variation in peak flows of observed and land cover scenarios (m3/s) 

Year Observed CRNT PMFP WTFP WTALL  

2009 5.32 11.41 8.65 11.48 6.04 Low flows 

 

Table 7A.5: Comparison of simulated landcover scenario differences in high vs. low flows  

t-Test: Paired Two Sample for Means - Daily runoff (mm) 
 LOW FLOWS HIGH FLOWS 
Scenario PMFP WTFP PMFP WTFP 
Mean 0.15 0.12 3.36 3.58 
Variance 0.05 0.03 27.34 33.04 
Observations 3828 3828 190 190 
Pearson Correlation 0.90 

 
0.92 

 H. Mean difference 0 
 

0 
 df 3827 

 
189 

 t Stat 23.66 
 

-1.35 
 P(T<=t) one-tail 6.8E-116 

 
0.09 

 t Critical one-tail 1.65 
 

1.65 
 P(T<=t) two-tail 1.4E-115 

 
0.18 

 t Critical two-tail 1.96 
 

1.97 
  

 

Table 7A.6: Water balance components between modelled scenarios 

Water balance components (Mean_Annual_Mm3) 

Flux general Flux Location-scale CRNT PMFP WTFP WTALL 

Precipitation Precipitation Catchment 213.04 213.04 213.04 213.04 

  
Mountain 205.81 205.81 205.81 205.81 

  
Floodplain 7.23 7.23 7.23 7.23 

       AET total AET total Catchment 167.87 167.72 169.71 187.45 

  
Mountain 158.69 158.68 158.68 177.09 

  
Floodplain 9.18 9.05 11.03 10.37 

       

Runoff 
NET Runoff (after 
transmission loss) Catchment 38.64 40.30 36.78 23.79 

 
Channel transmission loss Catchment 0.53 0.87 0.56 0.49 

       Subsurface storage 
change Net SZ storage change  Catchment 6.52 6.49 6.54 1.93 
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Table 7A.7: Predicted flowpaths and processes at the catchment, mountain and floodplain scales for the 2008-2018 period 

Mean annual Mm3 

Flowpaths and fluxes (general) Detailed flowpaths and fluxes  Location-scale CRNT PMFP WTFP WTALL 

Surface flow to river Surface flow entering main river (all flowpaths) Catchment 21.54 21.96 21.15 13.26 

 
MTN surface flow into main river (all paths) MTN & FP 20.29 20.66 19.98 12.31 

 
Direct MTN surface flow into river Mountain 5.00 5.00 5.00 2.81 

 
MTN storm SRO onto FP surface and flow to river  MTN & FP 15.28 15.39 14.97 9.50 

 
SRO generated on FP and flow into main river Floodplain 1.25 1.30 1.17 0.95 

MTN Subsurface flow  MTN interflow to main river (all paths)  MTN & FP 1.84 2.22 0.90 1.09 

 
MTN interflow direct into river Mountain 0.0054 0.0055 0.0054 0.0047 

 
MTN interflow seep to surface Mountain 0.10 0.15 0.08 0.04 

 
MTN interflow to tributary, FP surface, recharge AA, to river MTN & FP 1.76 1.87 0.82 1.03 

 Percolation from UZ (& ponded) to MTN interflow zone Mountain 41.93 40.10 42.02 26.84 

AA flow to river AA flow into river (all flowpaths) Floodplain 17.56 19.14 16.13 10.99 

 
MTN tributary, recharge AA and contribute to river MTN & FP 12.60 12.86 11.69 7.32 

 
MTN interflow into alluvial aquifer and into river MTN & FP 0.05 0.04 0.05 0.04 

 
MTN bedrock to interflow zone, recharge AA and contribute to river MTN & FP 7.8E-07 2.6E-07 9.7E-07 -3.4E-07 

Floodplain and AA processes Infiltration on FP (all paths) Floodplain 24.30 24.61 24.53 19.35 

 
MTN-sourced SW infiltrating on FP  MTN & FP 18.92 18.91 19.32 13.86 

 
Recharge from UZ (& ponded) into alluvial aquifer  Floodplain 17.05 18.88 15.54 10.54 

 
MTN-sourced SW recharge alluvial aquifer  MTN & FP 12.58 13.22 11.66 7.30 

 
Alluvial aquifer seep to surface Floodplain 0.15 0.75 0.05 0.03 

 
Main river loss into alluvial aquifer Floodplain 0.53 0.87 0.56 0.49 

 
MTN interflow into alluvial aquifer MTN & FP 0.0484 0.0457 0.0505 0.0425 

Bedrock aquifer fluxes MTN interflow into bedrock aquifer Mountain 6.1E-05 6.1E-05 6.1E-05 4.5E-05 

 
MTN bedrock to MTN interflow zone Mountain 8.3E-06 8.3E-06 8.3E-06 1.1E-05 

 
Bedrock aquifer direct into main river Catchment 3.5E-06 2.9E-06 3.6E-06 3.5E-06 

MTN-mountain, FP-floodplain, AA-alluvial aquifer, UZ-unsaturated zone, SRO-surface runoff. NB. The water inputs to the floodplain include precipitation, surface 
and subsurface flows coming from the mountains. Detailed components listed under each general flowpath or flux include water from different sources therefore 
do not sum up to the general flowpath of flux
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