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ABSTRACT

The past few decades have seen, amongst other topical environmental issues, increased
concerns regarding the imminent threat of global warming and the consequential impacts of
climate change on environmental, social and economic systems. Numerous groundbreaking
studies conducted independently and cooperatively have provided abundant and conclusive
evidence that global climates are changing and that these changes will almost certainly
impact natural and socio-economic systems. Increased global change pressures, which
include, inter alia, climate change, have increased concerns over the supply of adequate
quality freshwater. There is an inadequate body of knowledge pertaining to linking basic
hydrological processes which drive water quality (WQ) variability with projected climate
change. Incorporating such research into policy development and governance with the
intention of developing adaptive WQ management strategies is also overlooked. Thus, the
aim of this study was the assessment of projected climate change impacts on selected WQ
constituents in the context of agricultural non-point source pollution and the development of
the necessary adaptation strategies that can be incorporated into WQ management, policy
development and governance. This assessment was carried out in the form of a case study in
the Mkabela Catchment near Wartburg in KwaZulu-Natal, South Africa. The research
involved applying climate change projections derived from seven downscaled Global
Circulation Models (GCMs) used in the Fourth Intergovernmental Panel on Climate Change
(IPCC) Assessment Report, in the ACRU-NPS water quality model to assess the potential
impacts on selected water quality constituents (viz. sediment, nitrogen and phosphorus).
Results indicated positive correlations between WQ related impacts and contaminant
migration as generated from agricultural fertilizer applications. ACRU-NPS simulations
indicated increases in runoff and associated changes in WQ variable generation and migration
from upstream sources in response to downscaled GCM projections. However, there was
limited agreement found between the simulations derived from the various downscaled GCM
projections in regard to the magnitude and direction (i.e. percent changes between present
and the future) of these changes in WQ variables. The rainfall distribution analyses conducted
on a daily time-step resolution for each selected GCM also showed limited consistency
between the GCM projections regarding rainfall changes between the present and the future.
The implication was that since hydrological and climate change modelling can inform

adaptive catchment WQ management, these forms of modelling can be used to explore future
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adaptation under climate change. However, adaptation to climate change in water quality
management and policy development is going to require approaches that fully recognise the
uncertainties presented by climate change and the associated modelling thereof. It was also
considered crucial that equal attention be given to both climate change and natural variability,
in order to ensure that adaptation strategies remain robust and effective under conditions of

climate change and its respective uncertainties.
Keywords: ~ Water Quality Modelling, Water Quality Management, Climate Change,

Global Circulation Models, Climate Change Modelling, Vulnerability,
Adaptive Capacity, Adaptation, Policy Development.
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CHAPTER ONE

Introduction and Background



1. INTRODUCTION AND BACKGROUND

The past few decades have seen, amongst other topical environmental issues, increased
concerns regarding the imminent threat of global warming and the consequential impacts of
climate change on environmental, social and economic systems. Numerous groundbreaking
studies conducted independently (e.g. Houghton, 1994; Pittock, 2009) or co-operatively (e.g.
IPCC, 2001; IPCC, 2007; Bates et al., 2008; UNESCO, 2009) have provided abundant and
conclusive evidence that global climates are changing and that these changes will almost
certainly impact natural and socio-economic systems. Based on observational records and
climate projections, these and other studies have shown that natural systems are highly
vulnerable to climate change and have the potential to experience severe climate change
related impacts (Low, 2005; Schulze, 2005; Nelson et al, 2007). Of these systems,
freshwater resources are considered to be the most exposed and highly vulnerable to climate
change, considering the direct relationships that exist between prevailing climatic regimes
and the hydrological cycle (Figure 1.1). Climate change is anticipated to significantly alter
the behaviour of the hydrological cycle (Kundzewicz et al., 2007) and, in many instances,
climate change related increases in the frequency of extreme meteorological events (floods,
droughts and heavy short-duration rainfall events) are already being observed (e.g.
Rosenzweig et al., 2001; Walther ef al., 2002; Parmesan and Yohe, 2003; Beniston ef al.,
2007). This presents clear, pragmatic and direct implications for water resources
management, particularly where water quantity and quality management is concerned
(Mimikou et al., 2000; Delpla et al., 2011). Considering the importance of water for
environmental, social and economic systems, it becomes evident that detailing the impacts of
climate change on water resources, in both water quantity and quality contexts, is an

important research endeavour.

As alluded to in the preceding discussion, living organisms and natural ecosystems have an
inherent and profound dependence on freshwater for their basic survival (Falkenmark et al.,
1998; UNESCO, 2009). The requirement of a constant supply of water of adequate quality
has been shown to be an important prerequisite for the continued functioning of both natural
and socio-economic systems (Gleick, 2006; Nangia et al., 2008). Water quality, in its
broadest sense, may be defined as the physicochemical state of a water body at any given

spatial or temporal scale (Novotny, 2003; Brainwood et al., 2004).
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High water temperatures, low oxygen concentration levels, high salinity, sedimentation and
high nutrient status (from non-point sources of pollution), bacteria and pathogens and the
proliferation of micro-pollutants, represent some of the most critical challenges associated

with water quality deterioration (Van Vliet and Zwolsman, 2008; Delpla et al., 2009).

Heat Trapped by the Atmosphere Causes more Evaporation A Warmer Atmosphere Holds More Water Vapor, Which is
and More Precipitation Also a Heat Trapping Gas

Figure 1.1  Relationships and feedbacks between the hydrological cycle and local climatic
regimes. The impacts of climate change on water quality and quantity-related
processes are also indicated in this Figure (Source: National Oceanic and

Atmospheric Administration, 2009)

Although often considered separately, water quality and quantity are closely-related concepts
concerned with water availability (Gleick, 2006; UNESCO, 2009). During extreme
hydrological events, too much water (e.g. floods) or too little water (e.g. droughts) may cause
water quality deterioration by serving as a conduit for the transport of pathogens or pollutants
and affecting the dilution capabilities of rivers and other water bodies (Mimikou et al., 2000;

Tsujimura, 2004).



It therefore becomes apparent that water quantity problems can initiate quality problems and,
alternatively, water quality problems can affect supply via increases in wastewater toxicity

and the consequent reductions in readily utilisable water (Turton, 2008).

Being part of the current mosaic of global change, climate change could aggravate the water
quality problems highlighted in the preceding discussion, by instigating rapid changes in the
natural hydrological environment (Kundzewicz et al., 2007). Thus, the quantity and quality of
water required to meet human and environmental demands can also be expected to be
affected by climate change (IPCC, 2001; IPCC, 2007; Bates et al., 2008; Vairavamoorthy ef
al., 2008; Pittock, 2009; UNESCO, 2009). South Africa is a country characterized by a high
risk hydroclimatic environment (Schulze, 2005; Schulze et al., 2005) and is expected to
experience the impacts of severe climate change, which will be manifested through an
amplification of the variability of an already highly variable local hydrological cycle
(Schulze, 2005). This will have far-reaching direct and indirect impacts on water supply
reliability, food production, health, energy and environmental sustainability for this country
(Descheemaeker et al., 2010). Therefore, for transitional countries such as South Africa,
climate change is anticipated to compound the complexity of socio-economic development
and environmental sustainability in an already complex water resources management

background (UNESCO, 2009; Descheemaeker et al., 2010; Mahjouri and Ardestani, 2011).

In many respects, South Africa has highly incisive water resources management policies (e.g.
the internationally acclaimed National Water Act (36) of 1998 and the National Water
Resource Quality Monitoring Programme), which are intended to explicitly uphold the
integrity and highlight the paramount importance of water in this semi-arid country (DWAF,
1998; DWAF, 2004; Turton, 2008). However, South Africa is characterized by marked social
and economic inequalities and, using water as a specific point of departure and a key strategic
resource vital to social and economic development, these inequalities render many societal
groups vulnerable to the anticipated impacts of climate change (Stuart-Hill and Schulze,
2010). This vulnerability is not limited to societal groups only, but also applies to natural and
artificial water resource systems such as wetlands, dams, riparian buffers, wastewater
treatment plants and water distribution infrastructure. Fiissel (2006) considers vulnerability as
“the degree to which a system is likely to experience harm due to exposure to a hazard”

(Figure 1.2).



Therefore, depending on the extent of development inherent to a particular system, different
societal groups or artificial systems may be expected to exhibit different levels of exposure,
and thus, vulnerability, to the impacts of climate change (Fiissel, 2006; Haines et al., 2006;
Ionescu et al., 2009). This consequently implies that the ability and/or preparedness to adapt
(i.e. adaptive capacity) to climate change will also differ according to the level of exposure
characteristic of a particular societal group or system (Figure 1.2). Adaptive capacity will,
therefore, limit engagement in adaptation action; i.e. adaptation is a function of adaptive
capacity. Pittock (2009) defines adaptation as “a response to change that seeks to minimize
adverse effects and maximize any benefits”. Bates ef al. (2008) consider adaptive capacity as
the capability of an individual, group, community or country to effectively implement
adaptation measures. Increased engagement in adaptation action is, therefore, more likely to
occur with increased adaptive capacity. The concepts of adaptation, adaptive capacity and

vulnerability will be expanded on in Chapter 2.

Exposure Sensitivity « Economic wealth
| | « Technology and
v infrastructure
- , , * [nformation,
Potential impacts Adaptive capacity |« knowledge and skills
| [ » [nstitutions
v * Equity
Vulnerability to » Social capital
climate change > ...

Figure 1.2 Schematic conceptualization of vulnerability to climate change as a function

of adaptive capacity, sensitivity and exposure (Ionescu et al., 2009).

The above discussion illustrates the necessity of building adaptive capacity in order to
enhance engagement in adaptation action. Although substantial work has been done in both
the fields of climate change-related adaptation (e.g. IPCC, 2001; Paavola and Adger, 2005;
Adger and Vincent, 2005; IPCC, 2007; Vincent, 2007; Paavola, 2008; Firman et al., 2011)
and water quality management, based on catchment processes (Viney et al., 2000; Novotny,
2003; Van Der Perk, 2006), there is an apparent disconnect between the two.
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In other words, there is an inadequate body of knowledge pertaining to linking basic
hydrological processes, which drive water quality (WQ) variability, with climate change
projections; but also, there is a well-recognized, fundamental and applied need to detail the
effects of a changing climate on catchment-wide nutrient and sediment transfer dynamics
(Edwards and Withers, 2008; Han et al., 2010; Shrestha et al., 2012). Incorporating that
understanding into policy development and governance, with the intention of developing
adaptive WQ management strategies, is largely absent. Establishing these links is a critical

step in building adaptive capacity and adequate adaptation activities and strategies.

Thus, it is important that the primary processes and parameters, which influence fluvial water
quality, are understood. In the scope of this study, these are:
a) processes influencing sediment generation, transport (or transfer) and deposition,
such as erosion, runoff, detachment, entrainment and settling, and
b) processes influencing nitrogen and phosphorus generation, transport and deposition,

such as dissolution, leaching, runoff, adsorption and desorption.

Building on this understanding, the potential impacts of climate change on water quality
through, for example, possible increases in the severity or frequency of extreme events can
then be assessed with the help of water quality modelling and climate change projections.
This is particularly important in the context of extreme events, whose potential on sediment,
nitrogen (N) and phosphorus (P) dynamics have not been adequately assessed in South Africa
and it is especially relevant in the predominantly agricultural and rural catchments of this
country, where non-point source pollution (NPS) is widespread. The mechanisms that govern
sediment yield, N and P distribution are anticipated to change under conditions of increased
temperatures and altered rainfall patterns. However, the magnitude and direction of such

changes in nutrients and sediment distribution are still not fully understood.

In summary, biophysical or catchment processes and linkages that are essential in
understanding how NPS pollution and land use change influence water quality, have not been
reconciled with adaptive water resources management, both in management and in policy and
governance structures. Therefore, the assessment of the links between biophysical processes,
climate change and adaptation is of significant importance in the pursuit of reducing

vulnerabilities and building adaptive capacity.



In this study, an assessment of projected climate change impacts on selected WQ constituents
is performed using the Mkabela Catchment (near Wartburg) in KwaZulu-Natal, South Africa
as a case study. Through the research presented in this study, it is motivated that ascertaining
the links between biophysical WQ related processes and adaptive water resources
management should be a key focus in efforts to adapt to the projected impacts of climate

change.

1.1 Aims and Objectives

The aims and objectives of this study relating to water quality, climate change and adaptation

are as follows:

a) Review processes of sediment yield, nitrogen and phosphorus transport in local
(agricultural) catchments and highlight the factors that influence the generation and
transport of these water quality variables within local catchments.

b) Develop the ability to model the projected impacts of climate change on sediment
yield, nitrogen and phosphorus in the Mkabela Catchment using the ACRU-NPS water
quality model by incorporating projected changes in driver variables and, where
necessary, modifying the variables based on expert opinion.

c) Assess the vulnerability and potential for adaptation with regard to water quality
under conditions of climate change for the entire Mkabela Catchment and develop an
adaptive water quality management framework based in this analysis.

d) Use the results from the above exercises to develop (or suggest) appropriate
adaptation strategies relevant to the Mkabela Catchment and make recommendations

for policy development and governance at local and regional levels.

1.2 Overview of Dissertation Structure

This dissertation consists of 7 (seven) chapters including 4 (four) chapters written as
“publishable” papers and submitted according to the guidelines provided by the College of
Agriculture, Engineering and Science of the University of KwaZulu-Natal. Chapters 1 and 2

form the introductory and literature review components of this study.



These chapters present the rationale behind this study (Chapter 1) and highlight the global
and local state of research related to, inter alia, climate change, water quality management,

vulnerability, adaptation and adaptive water resources management (Chapter 2).

Chapter 3 is the first “publishable” paper that specifically details the potential impacts of
climate change on nutrient and sediment transfer processes. This paper follows a sequence,
which initially describes the typical behaviour of each pollutant (i.e. nitrogen, phosphorus
and sediment) across the landscape and follows with the association of those behaviours with
generally accepted climate change projections. Although this paper is a literature review, it
was written as a publishable paper and is in no way related or linked to the literature review

presented in Chapter 2.

The second paper (Chapter 4), details the simulations performed in this study, using the
ACRU-NPS water quality (WQ) module of the physical-conceptual agrohydrological ACRU
model. This paper essentially presents the simulations performed, using historical data and
data derived from seven downscaled Global Circulation Models (GCMs). These historical
and GCM derived datasets were used as input in the ACRU-NPS model. The climate change
projections described by the downscaled GCMs were used to assess impacts on selected WQ
constituents (viz. sediment, nitrogen and phosphorus). The historical datasets were used to
assess the influence of hydraulic controls (dams, wetlands and riparian buffers) on the
downstream translocation of WQ constituents. The relative impacts of climate change on the
selected WQ constituents were assessed by observing changes between two time periods viz.
the present (1971-1990) and the future (2046-2065). The verification of the ACRU-NPS

model is also presented in this paper.

The third paper (Chapter 5) is a detailed study of the potential changes in daily rainfall
distribution under climate change for all the seven downscaled GCMs considered. It was
deemed necessary to fully detail the probable changes in daily rainfall distribution between
the present and the future as described by the selected downscaled GCM projections, in order
to provide further insight into the simulation results presented in Chapter 4. This paper,
therefore, presents a description of the projected changes in rainfall frequency by assessing

changes in pre-defined rainfall event intervals and rainfall conservation statistics. Also



assessed in this paper are the relative changes in raindays and rainless days between the

future and the present as described by the individual downscaled GCM projections.

In the fourth paper (Chapter 6), the application of the ACRU-NPS model simulations is
presented to suggest or recommend appropriate adaptation strategies specifically geared
towards WQ management, policy development and governance. This paper links the
biophysical aspects of water quality management and the projected impacts of climate change
on nutrients and sediment transfer processes detailed in the first and second papers (Chapters
3 and 4) with the more applied aspects of adaptive water quality management, policy
development and governance, which are both presented in Chapter 2. Also presented in this

paper is a framework designed to be applied in adaptive water quality management.

Chapter 7 presents the overall synthesis, as well as recommendations for further study. It is
important to note that since this dissertation was written in paper format, some overlap may
exist between the seven chapters, particularly amongst the four papers, as they are intended to

be submitted to different local and international journal publications.



CHAPTER TWO

Literature Review
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2. LITERATURE REVIEW

2.1 Vulnerability and Adaptation in the Context of Climate Change and Water
Quality Management

2.1.1 Introduction

The climate change discussion has seen the formalised concepts of vulnerability and
adaptation become profoundly embedded in the global change agenda. This is not surprising,
as climate change is anticipated to induce pressures on aspects such as environmental health,
food security and economic stability through its projected impacts on water resource systems
(IPCC, 2001; Droogers and Aerts, 2005; IPCC, 2007; Heltberg et al, 2009). It is widely
acknowledged that the impacts of climate change will affect all water users (IPCC, 2001;
Schulze, 2005; Haines et al., 2006; Sadoff and Muller, 2007; IPCC, 2007; Bates et al., 2008)
with the spectrum of affected users being determined by their individual ability to effectively
respond to such changes (Paavola, 2008). In the context of adaptation and vulnerability, the
developing world is considered to have more limited adaptation capacity and to be highly
vulnerable to the impacts of climate change (Desanker and Magadza, 2001; IPCC, 2001;
Paavola and Adger, 2005). This is, as Heltberg et al. (2009) and Paavola and Adger (2005)
indicate, due to the high dependence on climate-sensitive economic sectors, geographic
exposure and low-income status characteristic of the developing world. Consequently, the
most adverse climate change related impacts are anticipated to occur in the developing
regions of the world, of which South Africa is a part of (Bates et al., 2008). This serves to
highlight the importance of understanding vulnerability and adaptation concepts for
application in the most sensitive (i.e. highly exposed and least adaptive) regions of the world,
including South Africa. Based on the above discussion, the aim of this section is, therefore, to

3

define “vulnerability” and “adaptation” in the contexts of both climate change and water

quality management.
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2.1.2  Vulnerability and Adaptive Capacity as Determinants of Adaptation

The Oxford English Dictionary defines vulnerability as “exposure to the risk of being
attacked or harmed, either physically or emotionally”. Ionescu et al. (2009) consider
vulnerability a relative property, denoting the vulnerability of something o something. In a
more socio-ecological sense, vulnerability refers to the “degree to which a system is likely to
experience harm due to exposure to a hazard” (Fiissel, 2006; Ionescu et al, 2009).
Application of this term in climate change studies has been subject to much debate and
scrutiny owing to its apparent ambiguity (Ionescu et al., 2009). This ambiguity stems from
the interdisciplinary nature of the term which has seen its application in ecology, agriculture,
medicine, socio-economic development, food security and global change (Fiissel, 2006;
Fiissel and Klein, 2006; Haines et al., 2006). The Third Assessment Report (TAR) of the
Intergovernmental Panel on Climate Change (IPCC) provided the now widely-accepted
definition of vulnerability in the context of climate change by stating that, “vulnerability is
the degree to which a system is susceptible to, or unable to cope with, adverse effects of
climate change, including climate variability and extremes. Vulnerability is a function of the
character, magnitude and rate of climate variation to which a system is exposed, its sensitivity
and its adaptive capacity” (IPCC, 2001). However, as indicated in Figure 2.1, this definition
is not only limited to climate change as an ‘external disturbance’, but can also include
disturbances such as disease prevalence, access to human and financial capital and innate

system sensitivity.

The collective insinuation of the definitions presented above, is that systems which are
significantly exposed to adverse external factors that may bring harm to their normal
functioning, are at high risk of collapsing and are therefore highly vulnerable. In South Africa
and Africa as a whole, the general consensus regarding vulnerability is that the resilience of
socio-economic, infrastructural and environmental systems to external disturbances such as
climate change is very limited, making them highly vulnerable (Reid and Vogel, 2006;
Sadoff and Muller, 2007; Paavola and Adger, 2005). Access to resources, aging
infrastructure, stagnant economic growth and development, widespread environmental
degradation, weakening social patterns and lack of access to information are some of the
factors which have been identified as components that determine vulnerability in many

African nations, including South Africa (Reid and Vogel, 2006; Gbetibouo et al, 2010)

12



(Figure 2.1). Owing to the relative nature of vulnerability (Ionescu et al., 2009), it is
important that the vulnerabilities of various economic sectors, governmental groups and
individuals be differentiated accordingly (Stuart-Hill and Schulze, 2010). This is an important

consideration in the development of tailored and locally relevant adaptation strategies.

Another critical dimension to this argument also exists, which serves to accentuate two
factors viz. sensitivity and adaptive capacity, as important aspects that determine the
vulnerability of a system. Adaptive capacity or capacity of response refers to “the potential or
ability of a system, region or community to adapt to the effects or impacts of climate change”
(IPCC, 2001; Gallopin, 2006; Smit and Wandel, 2006). Systems which have limited response
options to cope with the impacts of climate change, are considered to have low adaptive
capacity and are therefore considered highly vulnerable to these impacts (Reid and Vogel,
2006). Figure 2.1 presents the concept of vulnerability as a concept that is limited by the

adaptive capacity of a system; using, in this case, an agricultural system.
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Figure 2.1  Conceptualization of vulnerability to climate change as a function of adaptive
capacity and exposure to impacts in an agricultural production system

(Gbetibouo et al., 2010).
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As with vulnerability, adaptive capacity differs between individuals, groups, environmental
systems, communities and even artificial systems. It is determined by various factors such as
initial well-being (economic, physical or otherwise), livelihood resilience, social capital and
societal protection (Cannon, 2000; Brooks et al., 2005). Adaptive capacity cannot be easily
measured due to the direct connections between socio-economic development, social
cohesion, political stability and the level of environmental protection (Reid and Vogel, 2006).
This is because of the dynamism of socio-economic and political systems. Therefore, in order
to develop appropriate adaptation strategies, it is crucial to initially assess the “state of
nature” of a system with regard to the extent of its adaptive capacity and hence vulnerability,
in order to locate weaknesses and address these accordingly (Gallopin, 2006; Smit and

Wandel, 2006; Sadoff and Muller, 2007).

To effectively implement adaptation strategies, the ability of society, governance structures
and institutions to act collectively is paramount, since adaptation is a dynamic,
interdependent initiative (Adger, 2003; Brooks et al., 2005). Not only will this increase the
adaptive capacity of the most vulnerable environmental and socio-economic sectors but it
might also create much more resilient governance structures that may be flexible enough to
adapt to future environmental changes (Brooks et al., 2005; Adger and Vincent, 2005). This
will have to be grounded on sound scientific principles that will provide the necessary
background critical to decision-making regarding biophysical changes that ultimately affect
the economy, society and infrastructure. Consequently, monitoring existing adaptation policy
or developing new policies will require constant updates from scientific research to ensure

that the appropriate adaptation strategies are developed and updated.

This section has extensively described the meaning of vulnerability, adaptation and adaptive
capacity in the context of climate change. However, as mentioned in this discussion, these
terms can be ambiguous and can lead to some confusion in their application. Since the focus
of this study is on adaptive policy development, adaptive governance and adaptive water
quality management, the following sections describe the differences in the application of

these terms in the aforementioned focus areas.
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2.1.3  Vulnerability and Adaptation in Policy Development and Governance

The previous section defined vulnerability as “the degree to which a system is likely to
experience harm due to exposure to a hazard” (Fiissel, 2006; Ionescu et al., 2009). Adaptive
capacity was defined as “the potential or ability of a system, region or community to adapt to
the effects or impacts of climate change” (IPCC, 2001; Gallopin, 2006; Smit and Wandel,
2006). Therefore, by deduction, adaptation may be considered as a response to change which
seeks to minimize vulnerability by enhancing adaptive capacity and maximising benefits

(Pittock, 2009).

It is also important, at this juncture, to define governance and management in the overall
context of this discussion. According to the Oxford English Dictionary, “governance” is
essentially the exercise of imposing authority and asserting control and/or influence over the
policies and affairs of a state. Management is the direct handling, supervision or control of a
state, organization, people or resource. At first glance, the two terms appear to mean the same
thing i.e. authority and control. However, closer inspection will reveal that they are actually
two different activities. Governance can be thought of as the “top line” focus, which
addresses the question of what task is being attempted to be accomplished while management
can be thought of as the “bottom line” focus, addressing the question of Zow to accomplish a
particular task. In other words, governance is doing the right things and management is doing
things right. In the context of policy development and governance these definitions will be

expanded on using, as a backdrop of the discussion, developing countries.

It is a well accepted fact that the long-term, sustainable economic development of developing
countries is highly dependent on primary production systems (e.g. agriculture, forestry,
fishing and mining). The maintenance and advancement of these systems requires efficient
and sustainable management of their natural resource base (Barbier et al., 1992). The role of
the environment, therefore, as a source of important resources and ecological functions which
support economic activity and human welfare needs to be duly recognised and protected. One
of the most fundamental tools of environmental protection is the development and

promulgation of environmental policies.
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Developing countries, such as South Africa, usually have in place highly incisive
environmental protection policies intended for the protection of natural resources. For
instance, the South African National Water Act (Act 36 of 1998), considered globally as a
“progressive, forward-thinking and ambitious Act” (MacKay et al., 2003; Muller, 2002), has
as one of its main objectives the protection, development, management and control of the
nation’s water resources (DWAF, 1998; DWAF, 2004; RSA, 1998; Pienaar and van der
Schyff, 2007). Evidently, failure to effectively implement this Act can potentially expose
South African water resources to a host of serious problems. Such failure would, in the sense
of vulnerability defined above, increase the vulnerability of South African water resources to
external disturbances (e.g. climate change), thus increasing the vulnerability of local

production systems and ultimately, the vulnerability of the local economy.

In certain instances, where environmental policies are ineffectively implemented or are
implemented without due monitoring of the implementation process, the potential
deterioration or complete destruction of natural resources and ecosystems is facilitated. This
essentially amounts to policy failure. Babier et al., (1992) state that policy failure occurs
when a policy “under or over corrects for a problem”, provided the exact nature of the
problem is expressly known and measures are taken to remedy the problem. Under such
conditions, the State in their capacity as the legal custodians of the nation’s natural resources,
may engage in corrective measures that may either be ill-advised or detrimental to the long-

term sustainability of natural resources (Huang and Xia, 2001).

Therefore, in the context of policy development and governance, the ability of environmental
resources, inclusive of water, to cope with adverse external disturbances will be functions of
how well environmental protection policies are formulated by governance structures and how
effective management structures are in implementing these policies. Essentially, the more
robust, realistic and effective a policy is, the higher the adaptive capacity of the system and
the greater the potential for the system to adapt and, resultantly, the less vulnerable the
system is to external disturbances. The following section highlights the differences between
adaptation in the context of policy development and governance and adaptation in the context

of water quality management.
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2.1.4  Vulnerability and Adaptation in Water Quality Management

Water quality management and water-centric policy development are, in fact, closely linked
focus areas that fall under the banner of water resources management. Effective water quality
management requires a sound policy framework informed by well executed environmental
studies and research (Brainwood et al., 2004; Nangia et al., 2008), as well as monitoring and
evaluation. However, in many instances, there is a significant disconnect between the two.
This disconnect can be attributed to a number of reasons including: significant time
constraints for detailed catchment scale investigations which inform policy, information is
usually disconnected in time, space and function and knowledge cannot be effectively
generated from environmental studies, due to the disjointed nature of the information
collected (Bennet et al., 2005; Harrison, 2007; Nangia et al., 2008). The result of this is
usually the development of inadequate policies, redundant management instruments,
inappropriate catchment biophysical process knowledge, missing or inadequate monitoring
programs, unclear institutional responsibilities and lack of financing sources (Huang and Xia,
2001; Gourbesville, 2008). This consequently creates an environment where adaptive
capacity is undermined and vulnerability is increased, thus limiting the effectiveness of

adaptation action.

The current mosaic of global change issues, including climate change and population growth
add further complexity to the already complex relationship between policy development and
water quality management. With increasing precipitation variability and increased pollutant
discharge and transport, particularly under climate change, the requirement for adaptive
policy and thus adaptive water quality management has been made even more imperative. It
is at this juncture that the importance of catchment scale investigations of pollutant discharge
is highlighted, particularly as they ultimately contribute towards informing adaptive
management. One of the primary tools used to improve the understanding of the processes
controlling the release, fate and transport of pollutants across catchments is water quality

modelling (Kadam and Kaluarachchi, 2006).

According to Bormann (2009), water quality models are increasingly used in decision-
making despite calculations being fraught with input data errors, model errors and inadequate

process knowledge.
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While there have been significant improvements in water quality monitoring methods,
advances in regional scale water quality modelling remain a priority. Such advances would
effectively imply a reduction in vulnerability owing to the implied increase in adaptive

capacity and, ultimately, improved adaptive water quality management.

To ensure that adaptive water quality management is as effective as possible, it is highly
critical that catchment processes are investigated in a holistic manner which recognises the
interactions between people and their physical and biological environment (Bennet et al.,
2005; Lynam et al., 2009). Such an approach is critical in linking environmental and socio-
economic systems in order to create a broader understanding of sustainability and the
integrative nature of water quality management and socio-economic dynamics. Figure 2.1
cited social, human and financial capital as one of the key determinants of adaptive capacity
(Gbetibouo et al., 2010). Therefore, by linking environmental and socio-economic systems
(social, human and financial capital) a framework is somewhat automatically created, in
which the interactions between the two are recognised and adaptive capacity in water quality
management is increased. Such a “framework” would effectively be in the form of a policy,

legislature or a regulatory arrangement (Gourbesville, 2008).

The main aim of this section was to highlight the differences in the understanding and

3

application of the terms “vulnerability” and “adaptation”, in the contexts of both policy
development and water quality management. In essence, vulnerability and adaptation in
policy development are concerned with how well a particular policy is formulated and
implemented such that it effectively protects environmental resources, in order to reduce
vulnerability, increase adaptive capacity and allow for effective adaptation. In the context of
water quality management, however, vulnerability and adaptation are more concerned with
the “end-pipe” factors. While policy development is more concerned with the
conceptualization of rules and regulations which govern water quality management, water
quality management is more concerned with the actual, physical execution of those rules and
regulations. For instance, the monitoring of pollutant discharge from catchments is a physical
activity but the requirement for monitoring would be informed by a policy aimed at ensuring
that the water quality of receiving waters is protected. In essence, effective and adaptive

water quality management relies on effective and adaptive policy development and

furthermore, implementation.
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Having reviewed the concepts of vulnerability, adaptation and adaptive capacity and
highlighted the differences in the terminology and application of these concepts, the
following section presents a review of the contemporary issues central to water quality
management in the context of South African water resources management. The adaptation
and vulnerability concepts detailed in the preceding section will also be factored into the

following discussion.

2.2 Contemporary Issues in Water Quality Management

2.2.1 Introduction

Owing to increased socio-economic pressures such as population growth and economic
development, the requirement for a constant freshwater supply of adequate quality has been a
subject of increased concern over the last few decades (Huang and Xia, 2001; Smeti et al.,
2009). In particular, challenges associated with water quality management have received an
increasing amount of attention, due to the apparent close alignment of water quality related
issues with sustainable development (Ouyang et al., 2006; Mahjouri and Ardestani, 2011).
For example, not only is access to safe drinking water considered a basic human right but is
also recognised as one of the key Millennium Development Goals (Kundzewicz et al., 2007).
Global and local change issues such as population growth, economic development, urban
sprawl and land use change have intensified the debate of whether or not the current global
freshwater resources status will radically change over the next few decades (Falkenmark and

Rockstrom, 2006; Kundzewicz et al., 2007; UNESCO, 2009).

Further concerns also abound on whether the continued pressure being placed on water
resources will lead to a change in water productivity (adequacy of water for productive use)
and ultimately a change in agricultural and industrial productivity (Rockstrom et al., 2003). It
is at this water resource availability and water productivity interface that water quality
becomes an issue of concern. In order to further clarify this topic, this section presents a brief
discussion on contemporary water quality management issues as a basis for adaptive water
resources management. The arguments presented in this discussion are generic in both the

international and local water resources management contexts.
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2.2.2  Water Quality Management in Context

Water quality management, aligned with principles of sustainable development has become
increasingly topical in the last few decades (Pegram and Bath, 1995; Turton, 2008; Cook et
al., 2009). This has been especially true in South Africa under the current conditions of
economic growth and social transformation (Du Toit ef al., 2009). One of the reasons for the
elevated concern over water quality management is the increased introduction of pollutants in
surface water and groundwater through agricultural, urban and industrial activities and the
consequential human health concerns (Honisch et al., 2002; Ouyang et al., 2006; Zhang et
al., 2009). As alluded to in the introductory section, increased social and economic pressures
on water resources provide the sole basis for the deterioration of water quality in many local
Catchments. Figure 2.2 illustrates that socio-economic development and the quality of water
resources and the environment are all closely-related aspects. If one compartment changes,
then by deduction, the other two also change. In effect, the vast majority of problems
associated with water quality management are far less of a technological issue than they are
social, political, economic and institutional issues (Novotny, 2003). This is especially true in
South Africa, considering the capacity to generate ingenuity which this country possesses

(Turton, 2008).
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Figure 2.2  Causal chains highlighting socio-economic causes of environmental and water

pollution (Novotny, 2003).
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Local population growth and economic development have resulted in increased food, fibre,
forage and energy demands, which have consequently encouraged the agricultural and
commercial production sectors to use increasing amounts of toxic chemicals, soil ameliorants
and nutrients to enhance production rates and meet consumer market demands (Foley et al.,
2005; Dabrowski et al., 2008; Statistics South Africa, 2009). This consequently leads to the
increased introduction of pollutants into the environment through non-point sources (NPS)
and increased environmental and human health impact concerns (Foley et al., 2005; Haines et
al., 2006; Leigh et al., 2010; Bryan and Kandulu, 2011). Furthermore, the reduced ability of
natural ecosystems to provide goods and services such as the regulation and immobilisation
of pollutants, results in increased wastewater treatment costs which have undesirable long-
term economic implications, especially for developing nations (Jewitt, 2002; Fischlin et al.,

2007; Kundzewicz et al., 2007).

Considering the increased human interventions in natural ecosystems in the past century, the
currently observed changes in water quality standards are not particularly surprising.
Historically, humankind has a long-standing tradition of radically altering vast segments of
natural environments in pursuit of economic and social security without necessarily
considering the environmental impacts and/or the inevitable feedbacks (Bouma et al., 2002;
Pittock, 2009). Nilsson and Rendéfdlt (2008) state that compared to pristine conditions,
numerous global rivers, streams and lakes have doubled their nitrogen and phosphorus
content as a result of human interventions. The Mgeni Catchment, for example, located in the
KwaZulu-Natal Midlands of South Africa, was once a relatively pristine catchment (i.e. mid-
1800s to early 1900s), with numerous undisturbed ecological regions (Water Research
Commission, 2002). Increased urbanisation, agricultural land expansion, population and
economic growth and development have led to the alteration and, in some cases, complete
destruction of ecosystems and a rapid increase in water pollution, leading to water quality
deterioration (Schulze ef al., 2004; Turpie et al., 2008; Van Wilgen and Biggs, 2010). This
catchment now requires highly incisive water quality management principles, which ensure
that freshwater resources are protected and that adequate freshwater standards are maintained

(DWATF, 2003).
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Providentially, water quality management in this catchment is carried out through intensive
monitoring programmes applying principles from the National Water Resource Quality
Monitoring Programme, Integrated Water Resources Management (IWRM) principles and
water resources modelling tools (DWAF, 2003; DWAF, 2004). This example shows that
modern challenges associated with water quality management require not only the
reinforcement of established principles, but also the extension of those principles to ensure
future sustainable use of water resources (Huang and Xia, 2001; Cook et al., 2009).
Furthermore, the importance of information generation and dissemination in water quality
management cannot be over-emphasised, since decision-making is highly dependent on

relevant and updated information (Chowdary et al., 2004).

Thus, the application of experience-based management, using historical information in
conjunction with current information and management systems is an important aspect in local
water quality management, since it characterizes adaptive water quality management
(Kundzewicz et al., 2007; Bates et al., 2008). The aim of adaptive water quality management
is to recognize the impacts of human interventions on freshwater systems and offer novel
management ideas, policies and promote institutional commitment to effectively manage
water quality issues (Harrison, 2007; Sadoff and Muller, 2007; Mwenge-Kahinda et al,,
2010). Prior to considering adaptive water quality management, the main issues behind water
quality management are crucial aspects to consider since they define the path towards the
development of adaptation strategies. The following section is an introduction to the most

critical water quality management related challenges.

2.2.3  Challenges in Water Quality Management

Water quality management across all different scales is primarily concerned with making
decisions which seek to prevent the progression of pollution (Unami and Kawachi, 2003).
However, owing to increasing pressures on water resources from climate change, population
growth and economic development, global and local water quality management is far from
satisfactory, particularly in developing countries (Huang and Xia, 2001; IPCC, 2007). One of
the major reasons for this is that the most rapid growth, with regard to economic development
and population growth, occurs primarily in low income countries (e.g. in the so-called

developing national economic blocs such as BRICS) where water and wastewater
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infrastructure is, by global standards, generally substandard. Furthermore, water quality
management in these countries is usually carried out in a conservative, non-adaptive manner
and many decisions are based on historical trends rather than on current observations (World
Bank, 2010). This limits the flexibility of water quality management and creates a state of
policy redundancy which can, ultimately, cause policy failure (as detailed in Section 2.3).
Bennet et al., (2005) and Lynam et al., (2009) note that water quality management has to be
carried out in a holistic manner which recognises the interactions between society and the
physical and biological environment. Therefore the dynamism of both society (e.g.
population growth and migration) and the physical and biological environment (e.g. climate
change) has to be factored into water quality management and planning, such that policy

redundancy and failure is avoided.

For many developing and transitional countries such as South Africa, the rapid growth of
urban centres facilitates the deterioration of water quality due to the increased generation of
diffuse or non-point source (NPS) pollution (Edwards and Withers, 2008). Other sectors
related to economic development in these countries including agriculture, deforestation and
mining (acid mine drainage) also contribute significantly to water quality deterioration.
Developing countries are subject to high levels of exposure and vulnerability (IPCC, 2007)
and this consequently elevates their susceptibility to the effects of diffuse pollution (Novotny,
2003; World Bank, 2010). Novotny (2003) cites the following major reasons for the high

susceptibility of developing countries to diffuse pollution and water quality deterioration:

a) Global change pressures (i.e. climate change, population growth, economic
development and land use change) are largest in developing countries.

b) Many urban centres in developing countries have poorly functioning or non-existent
sewer systems and wastewater infrastructure.

c) Surface water contaminated by diffuse pollution is often used as a source of potable
water by households in rural communities.

d) Surface runoft is the main contributor to flow in these countries and provides the main
mechanism for the transport of pollutants.

e) Intensification of the use of contaminants (fertilizer, pesticides efc.) in industrial
agriculture increases nutrient inputs into surface waters and impairs the water quality

of receiving waters.
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For the reasons detailed above, it follows that the degradation of water quality is influenced
by the interactions between society and the natural environment. It is apparent that although
the environment contributes some background contamination, people are, for the most part,
responsible for the undesirable changes in the quality of water resources. Therefore, the
major challenges in water quality management are anthropogenic in nature and may be

classified into 2 groups as follows (Novotny, 2003):

1) “Human alteration of the status of a water body and its habitat that downgrades its
integrity and creates pollution” and,
2) “Addition of allochthonous (originating from outside the water body) pollutants to the

water body”.

Group 1 essentially refers to the alteration or modification of water bodies for the benefit of
society. For instance, the construction of dams and impoundments, flow diversion,
construction of inter-basin transfer nodes, channel lining, wetland drainage and conversion,
invasion of riparian zones by foreign species originally introduced by people and urban
development which alters the hydrology of a stream. Group 2 refers to allochthonous point
and non-point sources (NPS) of pollution. These include discrete or point sources of pollution
such as municipal and industrial wastewater effluent, runoff from solid waste disposal sites,
storm drain discharge, runoff from active mines and active construction sites. Non-point
sources include return flows from agriculture, runoff from unconfined pastures, failing septic
tank systems, wet and dry atmospheric deposition and other unconfined sources of pollution
(Novotny, 2003). The concept of non-point source pollution will be further expanded on in

section 2.2.5.

Successful water quality management has to recognise the role people play in the fluctuation
of catchment water quality (Bennet et al., 2005; Lynam et al., 2009). It is for this reason that
water quality management in developing countries has to be as adaptive as possible to ensure
that adaptive capacity is increased and external impacts, such as climate change, are well
prepared for. It is at this juncture that the importance of understanding the meaning of
adaptive management is critical. The following section, therefore, briefly details the concept

of adaptive management and its role in water quality management.
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2.2.4 Adaptive Water Quality Management

In the introductory section it was noted that being part of the current global change mosaic,
climate change could aggravate current water quality problems. Indeed, climate change is
anticipated to introduce added complexities that water quality managers will have to contend
with. Although decision makers make decisions under uncertainty every day, even in the
absence of climate change (World Bank, 2010), a paradigm shift is required in which the
compounding set of uncertainties presented by climate change are recognised and included in
the decision-making process (Kundzewicz et al., 2007). This essentially constitutes adaptive

management (Kundzewicz et al., 2007; Bates ef al., 2008).

According to Bennet et al., (2005), adaptive management can be defined as ‘‘a systematic
process for continually improving management policies and practices by learning from the
outcomes of operational programs”. Figure 2.3 presents a schematic representation of an
adaptive management framework developed by the Australian Coastal Cooperative Research
Centre (Coastal CRC) and as shown in this diagram, adaptive management is a cyclic
learning, application and review process in which the focus is on action and learning and not
in preparing to learn (Lee, 1999; Bennet et al., 2005). In this diagram, the components are all
linked through a continuous process of learning and participative action. To briefly
summarise: Information collation refers to the pooling of information collected from research
and from stakeholder consultation and is usually the first step in the development of an
adaptive management framework, the core components of process and facilitation and
evolving knowledge are essential in the planning and management cycle and comprise the
establishment of healthy relationships amongst catchment stakeholders such that the entire
adaptive management cycle proceeds efficiently. Systems analysis and vision focuses on
identifying and understanding the most important catchment systems in order to clearly
define the vision and aspirations for the catchment. Plan making involves the setting of
clearly defined resource management goals such that impacts on ecological and socio-
economic systems are recognised and strategies are developed. Implementation involves the
actual execution of the goals created in plan making and systems analysis and vision creation.
Monitoring and Review follows implementation and is the assessment of the effectiveness of
the goals set during the initial stages of framework development and of the effectiveness of

the implementation process (Bennet ef al., 2005).
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It is apparent, therefore, that adaptive management is a process that facilitates intervention in
the face of uncertainty. For instance, water quality modelling serves as an approach that water
resource managers can use to abstract information about the natural environment and
synthesise knowledge and make decisions based on that information. However, water quality
models are often fraught with input data errors, model errors and inappropriate process
knowledge by the users (Bormann, 2009). This does not imply that these models are not
appropriate to be used as decision support tools; rather it implies that water quality models
should be used as tools that facilitate explicit learning from experiments in order to inform

and improve future decisions.
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Figure 2.3  Schematic diagram of the Coastal CRC Adaptive Management Framework
(Bennet et al., 2005).

Adaptive water quality management, therefore, requires the development of robust strategies
that recognize the reality of a world of shifting baselines and intermittent disturbances (Adger

and Vincent, 2005; World Bank, 2010; Firman et al., 2011).
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This essentially demands a rethink of traditional water quality management practices which
assume a predictable future based on past experiences. The World Bank (2010) recognizes
four management strategies that are essential in facilitating adaptive (resource) management
under climate change. These strategies have been adapted by the author to be more specific to

water quality management:

a) Priority should be given to no-regrets options: policy and investment options that
maximise benefits related to water quality management even in the absence of climate
change e.g. improving water and wastewater infrastructure to minimize water quality
degradation in receiving waters (Novotny, 2003).

b) Increase resilience of water resource systems by buying “safety margins” in low cost
long-term investments e.g. increasing water quality awareness education and forming
social resource protection schemes (Petermann, 2008).

¢) Reversible and flexible options need to be favoured such that in instances of bad
decisions being made, the cost of reversing the impacts of decisions is kept as
minimal as possible e.g. restrictive urban planning due to uncertain flooding trends
can be reversed easily and is less expensive than retreat and protection options
(Heltberg et al., 2008).

d) Long term planning should be based on forward-thinking scenario analysis and on the

assessment of strategies that consider a wide range of possible futures.

A recurring theme in this discussion has been that adaptive water quality management
requires a risk-based decision-making model which favours long-term planning and
robustness taking into cognisance the dynamic nature of socio-economic and environmental
systems. Increasing global change pressures on water resources coupled with the
compounding effects of climate change imply that risks related to water quality management
cannot be ignored or omitted in the decision-making process. The aforementioned
compounding set of uncertainties presented by climate change necessitates the development
of robust and adaptive management strategies that will minimize the risk and thus
vulnerability of environmental, social, economic and demographic systems. Having detailed
the concept of adaptive water quality management and its relation to climate change, the
following section provides a brief analysis of the concept of non-point source (NPS) pollution

as one of the primary foci in water quality management.
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2.2.5 Non-Point Source Pollution

Non-point source (NPS), or diffuse pollution, is now widely recognized as a key agent in the
deterioration of water quality, both globally and locally (Carpenter et al., 1998; Hansen,
2002; Novotny, 2003; DWAF, 2003; Edwards and Withers, 2008; Jolly et al., 2008;
Oberholster et al., 2009). Although various forms of land-based activities generate NPS
pollution, agricultural activities are considered to be the leading cause of surface water
quality degradation (Ma and Bartholic, 2003; Liange and Shukai, 2010; Bryan and Kandulu,
2011). Other NPS pollution sources include runoff from pastures, forestry, sewage treatment
plants, abandoned mines, industrial facilities, rural livestock feedlots and return flows from
irrigated agriculture (Carpenter et al., 1998; Novotny, 2003; Bates et al., 2008). During high
flow periods or extreme flood events, vast quantities of contaminants and pollutants may also
be exported and transported from various sources such as agricultural catchment areas,
landfill sites and from soil erosion (Beven, 2002; Almasri and Kaluarachchi, 2004). This, as
shown in Figure 2.4, can lead to numerous water quality related problems ranging from rapid
distribution of contaminants and pollutants, pH reduction (acidification), stream
sedimentation and increased turbidity and in instances of post-flood standing waters, the
introduction of disease carriers (Nilsson and Rend6filt, 2008). The effects of NPS pollution on
water quality include the introduction of above-normal loads of sediments, contamination of
potable water supplies, eutrophication of freshwaters, removal of aesthetic characteristics,

increased chemical toxicity and the destruction of ecosystems (Novotny, 2003; Delpla ef al.,

2009).

Edwards and Withers (2008) suggest that the current global estimate of total nitrogen (63 Tg
N yr'') introduced into water-bodies and other aquatic environments, is double that of the pre-
industrial era, while that of phosphorus is estimated to be 20 Tg P yr'l. Haygarth et al. (2005)
also indicate that annual inputs of phosphorus into water-bodies derived from manure and
fertilizer range between 20 and 50 20 Tg P yr’'. Similarly, prior to the introduction of
conservation agriculture in the Tertiary Hill of Bavaria, Germany, the total nitrogen and
phosphorus fluxes into the adjacent Brook West were found to be 292 kg N yr™' and 4.9 kg P
yr!, respectively (Honisch et al., 2002). Suspended sediment derived from soil-loss has been
positively correlated with accelerated watershed land-use practices (Houlahan and Findlay,

2004).
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Figure 2.4

Summary of the water quality problems that may arise during extreme

discharge conditions (Nilsson and Rendfilt, 2008).

These estimates further highlight the importance of understanding and quantifying the effects

of NPS in water quality management. Foy and O’ Connor (2002) assessed the effects of

agriculture on the water quality of two rivers in Northern Ireland. Specifically, this study

aimed at “1) examining point source farm pollution and the associated damage to tributary or

headwater streams; ii) diffuse nitrogen and phosphorus losses and associated eutrophication;

and 1i1) the sedimentation of spawning redds of the Atlantic salmon (Sa/mo salar L.)”.
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The Colebrooke and Upper Bann Rivers were the subjects of farm pollution studies for a
period of 8 years from 1990 through to 1998. The enrichment of these rivers with nutrients,
particularly phosphorus and nitrogen, over this period was attributed to farmyard discharges
of manure and silage effluent. Although the government introduced a number of initiatives
aimed at reducing water pollution generated from farms, the assessment of the effectiveness
of these initiatives proved to be problematic. This was owing to the fact that monitoring sites
were located on larger rivers and not on tributaries, and thus water pollution data reflected a
large variety of pollutant sources other than farmyards. Therefore, various chemical and
biological water quality assessments were undertaken in tributaries to ascertain trends in
pollution and define the causes of this pollution. Owing to the extensive use of nitrogen- and
phosphorus-based fertilizers in agriculture, this sector was identified as the major contributor
to water pollution in these rivers. Additionally, due to the blockage of spawning redds (i.e.
breeding grounds); the supply of high loads of fine sediment was recognised as another
concern that has adverse impacts on the spawning of salmon. However, the high sediment
loads were not attributed to agricultural practices, but rather to human interventions. The
combination of both nutrient enrichment and sedimentation resulted in a decline in available
habitat for salmon spawning and, consequently, a decline in salmon populations for many
parts of Northern Ireland (Foy and O’Connor, 2002). The authors concluded that agriculture
was primarily responsible for the deterioration of water quality in Northern Ireland and it was
difficult to minimise the generation of diffuse pollution from farming activities. Various
methods for the reduction of farm-generated diffuse pollution were suggested in this study,
ranging from voluntary mitigation measures encouraging farmers to apply nutrient
management frameworks, to the introduction of legislative measures that increased fines for
pollution. The issue of sedimentation also did not yield satisfactory solutions due to a lack of

consensus as to the actual cause of the problem.

To counter increased NPS loads such as suspended solids, nitrates and phosphates, Choi
(2008) and Fisenko (2004) suggested preventative management measures such as
conservation tillage, soil protection and targeting areas where combinations of land
management and landscape factors pose significant NPS pollution generation risks. Although
this section has focused on non-point sources of pollution, point sources also exist. However,
these sources tend to be continuous and vary little over time and their impacts are therefore

considered to be inconsequential.
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Various studies in pollution sources e.g. Beven (2002), De Vries et al. (2002) Hatch et al.
(2002), Tsujimura (2004), Fisenko, (2004), Deasy et al. (2007) and Bryan and Kandulu
(2011) concur that the major pollutants associated with water quality are derived from non-
point sources. The regulation and monitoring of NPS pollution has recently become central to
most government water quality management policies both internationally (e.g. Hansen, 2002;

Romstad, 2003) and locally (e.g. Pegram and Bath, 1995; DWAF, 2003 and 2004).

In South Africa, the rapid developments and land use changes occurring within numerous
catchments are responsible for the generation of various forms of diffuse pollution, causing
the water quality decline of many local rivers. However, local NPS pollution is yet to be
effectively quantified and aligned to the impacts of climate change for the development of
adaptation strategies. The most important pollutants in South African waterways are
considered to be nitrates, phosphates, sediments, pesticides and salts; all of which are mainly
generated from agricultural and urban sources (DWAF, 2004; van der Laan, 2010). An in-
depth understanding of pollutant dynamics along local rivers is, therefore, critically important
in water quality management. In the last few decades, however, significant advances have
been made with intent to reduce impacts on water quality and promote environmental health
(Arthington et al., 2006; Rivers-Moore et al., 2007). In spite of these advancements, the
continual use of pollutants in agricultural practices implies that the issue of water quality
deterioration is going to remain significant in the future (Honisch et al., 2002; DWAF, 2003).
Therefore, non-point source pollution and land use change form an integral part of water
quality management and will become particularly important under an altered climate. The
following section briefly introduces the parameters and processes most critical to South

African waterways as recognised by this review.

2.2.6  Critical parameters and processes

As mentioned in the preceding sections, South African catchments are predominantly
agricultural catchments and a major component of diffuse (NPS) pollution is generated within
these catchments. The increased generation of nutrients such as phosphorus (P) and nitrogen
(N) from these catchments due to high rates of manure and fertilizer application primarily

leads to eutrophication (Foy and O’Connor, 2002; Deasy et al., 2007).
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Both N and P are considered as the main nutrients that drive the fluctuation of water quality
in the fluvial systems of agricultural catchments (Withers and Jarvie, 2008). This statement
implies that in South African catchments, more focus needs to be directed towards assessing
the potential changes in both N and P generation and transport under conditions of climate
change. Chapter 3 provides a detailed analysis of the dynamics of nutrient generation,
transport and deposition across catchments. Some of the parameters and processes detailed in

Chapter 3 considered paramount in nutrient transfer include:

a) surface erosion, entrainment, sedimentation and deposition,
b) catchment connectivity,

c¢) nitrogen and phosphorus cycling,

d) precipitation and soil moisture content,

e) leaching and runoft, and

f) adsorption.

Another equally important factor in nutrient delivery is sediment conveyance and catchment
connectivity. N and P are either transferred in dissolved form (N and P) or attached to
sediments (mainly P) (Heathwaite and Dils, 2000), and owing to the connectivity and
sediment delivery dynamics characteristic of many catchments, N and P become subject to
discontinuous transport and deposition (Avnimelech and McHenry, 1984). Furthermore, the
connectivity of landscape compartments affects sediment conveyance processes in response
to external disturbances of varying frequency and magnitude (Fryirs et al., 2007). Therefore,
under conditions of climate change, the source generation and distribution of sediments and
nutrients is highly likely to change due to the anticipated high magnitude and intensity of
rainfall events (Heathwaite and Dils, 2000). Deasy et al., (2007) argues that because the
“processes of sediment and nutrient transfer are not well understood over the range of scales
needed for appropriate modelling and management applications” it is not yet possible to
assess the likely impacts of potential changes. However, the issue of scale is somewhat
mitigated by the vast amount of work that has been carried out in sediment, catchment
connectivity and nutrient transfer dynamics (Haygarth et al, 2005; Owens et al., 2007).

These issues will be expanded on in greater detail in Chapter 3.
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23 Assessing the Impacts of Climate Change on Water Quality

2.3.1 Introduction

It is now a well-accepted notion that some impacts of climate change on water resources are
unavoidable (Kundzewicz et al, 2007; Bates et al., 2008; UNESCO, 2009). Projections
generated from various General Circulation Models (GCMs) present persuasive evidence that
global climate and hydrological systems are going to change despite mitigation actions
(Schulze et al., 2005; Bates et al., 2008; UNESCO, 2009). GCM projections that herald
increases in temperature and changes in rainfall variability associated with climate change,
present sobering implications for, infer alia, environmental health and water quality
(Lumsden et al., 2009). Regardless of the uncertainty inherent in climate change science
(Schulze, 2005; Pittock, 2009), it is important to recognize the potential effects that climate
change may have on critical water resources management facets such as water quality
(Nelson et al., 2007). This section therefore presents the potential impacts of climate change

specifically on water quality and associated processes and constituents.

2.3.2 Climate Change and Water Quality: Impacts and Responses

The anticipated changes in temperature, flow regimes and rainfall variability associated with
climate change are expected to exacerbate water quality problems (Ducharne, 2007; Delpla et
al., 2009). Increased temperatures will have implications for the chemical and biological
integrity of rivers and other aquatic environments. For example, Van Vliet and Zwolsman
(2008) presented a case whereby a 2°C increase in water temperature during a drought in
2003 resulted in a pH decline, eutrophication, decreased dissolved oxygen and increases in
metal and metalloid concentrations in the Meuse River in France. In this example, the
combination of low flows and high temperatures resulted in the deterioration of the water
quality of this river (Van Vliet and Zwolsman, 2008). In such instances, the consequence of
this combination is an increase in the toxicity of contaminants, which increases with

temperature and consequently adversely affects aquatic life (Delpla et al., 2009).
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Changes in rainfall variability result in changes in flow regimes (flow rates and timing),
which has implications for pollutant residence times, pollutant concentrations, salinity levels
in arid and semi-arid regions, pollutant transport and stream dilution capacities (Nelson et al.,
2007; Turton, 2008). The Meuse River case detailed in Van Vliet and Zwolsman (2008)
provides an example that details how combinations of low flows and high temperatures,
result in high pollutant concentrations and increased pollutant residence times
(eutrophication), which leads to water quality deterioration. A similar but slightly varied
trend is observed during high flow periods (during floods or rainy season peaks). Although
high flows can result in the dilution of pollutants and in the reduction of pollutant residence
times in rivers, the transport of pollutants to other locations which can occur during these
events can result in the introduction of foreign contaminants to other aquatic environments
(Beven, 2002; Turton, 2008; McCartney, 2009). For example, sedimentation, turbidity and
increases in pollutant concentration can occur in rivers and dams following a high intensity
rainfall event. Such events usually generate high soil losses and high runoff volumes which
can cause pollutants and sediments to be transported from the upper parts of a catchment into

downstream water sources (Prathumratana et al., 2008; Neal et al., 2008).

Climate change is not only expected to alter rainfall patterns and, hence, variability, but also
the intensity of individual events (Schulze et al., 2005; IPCC, 2007; Bates et al. 2008). The
high runoff generated from these events can result in the flushing out of faecal coliform
bacteria, disinfectant by-products (DBPs), dissolved organic matter (DOM), pathogens,
pesticides and various industrial and agricultural pollutants into surface water and
groundwater (Neal et al., 2008; Delpla et al., 2009). Groundwater quality has an added
dimension when climate change is considered. Pittock (2009) noted that the El Nifio Southern
Oscillation cycle, which is expected to continue with climate change, will result in extreme
high sea levels which can cause salt-water intrusion into aquifers thus impairing groundwater
quality. Nelson et al. (2007) also indicate that the severe storms predicted to accompany
global warming will result in “more polluted runoff” in a climate-altered future. Figure 2.5
summarizes the potential impacts of climate change on water resources and on water quality,
as outlined in this discussion. To further summarise the relationship between climate change
and water quality, Table 2.1 correlates changes in climatic extremes and the potential

resultant effects on water quality variables.
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Figure 2.5  Potential impacts of climate change on water resources and drinking water

quality (Delpla et al., 2009)

These changes are based on the [IPCC (2007) report that details “estimates of confidence” in
projected changes for the 21* century. It is apparent from this table that the most serious
impacts on water quality are either virtually certain or very likely. This is a cause for real
concern regarding the integrity of surface water and groundwater quality. In semi-arid
countries such as South Africa, where water resources are already under severe pressure from
both quality and quantity perspectives, these projections have especially significant
implications. As mentioned before, many uncertainties abound in climate change science
(Schulze, 2005; IPCC, 2007; Bates et al., 2008; Pittock, 2009), especially because of its
distinctly multi-disciplinary nature. Such projections, therefore, need to be viewed in a
context that accepts the inherent uncertainty, but that does not prevent decisions being made.
This is especially important in the application of multi-disciplinary concepts such as

Integrated Water Resource Management (IWRM).
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Table 2.1

variables (IPCC, 2007).

Projections of extreme climatic events and associated impacts on water quality

Changes in phenomena and

direction of trend

Confidence in projected
changes (during 21*

century)

Impacts on water

quality variables

Higher maximum temperatures and

more hot days over most land areas

Virtually certain (>99%

confidence)

Higher ambient and water
temperatures, reduces
dissolved oxygen (BOD
and COD), reduces pH
(increased acidity) and
increases pollutant
residence times, adverse
impacts on  aquatic

ecosystems.

Higher minimum temperatures and
fewer cold days over most land

arcas

Virtually certain

Surface ice formation can
lead to reduced oxygen
levels, disrupts ecological
functions (e.g. spawning

and migration).

Heavy precipitation events with
increased frequency over most

arcas

Very likely (>90%

confidence)

Increased flushing of

toxic material, faecal
coliform bacteria (e.g. E.

coli), transport of NPS

pollutants, disrupts
normal  flow regime
pulses.

Increased areas under risk of Likely (>66% confidence) Reduced dilution

drought capacities, increased risk
of salinity level increases,
increased pollutant
toxicity.

Increased incidence of extreme Likely (>66% confidence) Salt-water intrusion,

high sea levels

destruction of coastal

riparian ecosystems.
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In view of the shift in emphasis towards environmental protection and water quality
improvement under climate change, a subject that requires consideration is the water
resources planning that will be increasingly critical in water quality management under future
conditions of change. The previous discussion highlighted the importance of judicious
decision-making under conditions of uncertainty. Water quality modelling and process-based
predictive catchment studies are indispensable water resources management tools that are
critical in decision-making under uncertainty (Rajar et al., 2007; Argent et al., 2009; Lorentz
et al., 2010; Schellart et al., 2010). The following section presents a brief description of the
principles and practices observed in water quality modelling and process-based predictive

studies and the application of these concepts in climate change studies.

2.3.3 Managing the Impacts of Climate Change on Water Quality

With the current discussion on global change, there has been an increased requirement for the
development of hydrological prediction and mapping tools that support appropriate water
quality management and decision-making (Bates et al, 2008; Zimmerman et al., 2008;
Kundzewicz et al., 2007). The connection between land use change, climate change and
water quality degradation necessitates the development of predictive tools that will provide
support for the assessment and analysis of pollutant loads in catchments and offer possible
solutions towards improving catchment water quality (Argent et al, 2009; Mannina and
Viviani, 2010). To fulfil that objective, a number of predictive tools such as water quality
models and other predictive tools (see Leigh ef al., 2010 below) have been developed, tested
and applied under various instances in the past few decades (Rajar et al., 1997; Falconer and
Lin, 1997; Huang et al., 2009; Leigh et al., 2010; Lorentz et al., 2010). In order to effectively
manage the impacts of climate change on water quality, it is important to critique the
vulnerability assessment tools that will enable the development of appropriate adaptation

strategies.

Leigh et al. (2010) undertook a study which investigated the vulnerability of reservoirs to
poor water quality and cyanobacterial blooms under future conditions of change (climate and
land use change), in southeast Queensland, Australia. During the summer months, this region
experiences high ambient and water temperatures and high rainfall frequencies, both of which

facilitate stronger stratification and increased inflow rates respectively.
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The result of strong stratification is the release of bio-available nutrients from anoxic
sediments and high inflow rates increase the nutrient supply into reservoirs (Shanmugam et
al., 2008; McCartney, 2009). This results in increased incidences of toxic cyanobacterial
blooms due to increases in nutrient loads in the reservoirs of this region. The ability,
therefore, to assess the vulnerability of these reservoirs to bloom events was considered
paramount in providing information for decision-making, hazard prevention and water
resources management (Leigh ez al., 2010). This statement highlights a crucial step in linking

biophysical processes with vulnerability and adaptation in water law and policy.

The study developed an “index of vulnerability” based on catchment characteristics and
reservoir management criteria. The vulnerability index (VI) is essentially a measure of a
reservoir’s vulnerability to poor water quality under future conditions i.e. the ratio of
vulnerability to poor water quality for a particular reservoir (Leigh et al, 2010). The
vulnerability index was tested by using water quality data collected from 15 reservoirs
located in and around Queensland. Water quality parameters tested for included total nitrogen
and phosphorus (TN and TP), dissolved inorganic nitrogen and dissolved inorganic
phosphorus. The VI of a reservoir was assessed by analysing the correlation between index
scores and water quality parameters in the 15 reservoirs. For instance, a reservoir with a VI of
0.77 was considered to be the most vulnerable reservoir to poor water quality. This does not
suggest that the reservoir had the highest concentration of nutrients over the duration of the
study, but it implies that in the future, based on factors that influence nutrient generation and
transport, water quality deterioration in this reservoir will be highly probable. A reservoir
expected to experience adverse climate change related impacts would also have a high VI
The authors concluded that although improvements can be made to the calculation of the VI,
it can still serve as a valuable tool to water authorities and managers to confidently assess the
vulnerability of reservoirs to poor water quality under future conditions of change (Leigh et

al., 2010).

The study by Leigh et al. (2010) highlights an important aspect regarding the vulnerability of
systems: vulnerability is a relative property (Ionescu et al., 2009). For example, increased
pollutant discharge and extreme events under climate change can potentially lead to increases
in vector-borne diseases and, consequently, an increase in human health related problems

(Haines et al., 2006).
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Leigh et al. (2010) also recognised that under future conditions of change, increased nutrient
generation and transport in catchments can result in water quality deterioration, which can
ultimately affect ecosystem functioning and human health. Therefore, the study by Leigh et
al. (2010) was able to highlight the critical link between biophysical processes and

vulnerability studies.

The use of water quality models is another equally important water resources management
aspect that requires attention. The ability of water quality models to predict reaction changes
and model the impacts of these changes throughout a system is not only important in enabling
water suppliers to select improved operational strategies, but also ensures the delivery of safe
drinking water to consumers (Munavalli and Kumar, 2004). This statement carries with it
important implications for water quality modelling. Under future conditions of change, the
use of models is going to be increasingly important in the management of water resources.
The statement by Munavalli and Kumar (2004) indicates that the use of water quality models
enables the selection of improved operational strategies such as best management practices or
BMPs. This can potentially be translated to improved adaptation strategies, which will take
into account the effects of climate change on water quality. Water quality modelling is,
therefore, a critical tool which enables the management of existing and future pollution
dynamics of receiving water bodies and/or fluvial systems. Application of water quality
models in South Africa is also critically important if adaptive water quality management is
going to be effectively applied in daily water resources management. Not only does this build
adaptive capacity by strengthening already existing predictive tools (e.g. design rainfall
studies and the ACRU-NPS modelling system), but it also creates a new potential decision-

making tool that will reduce uncertainty in water resources management.
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2.4 Discussion and Conclusions

The above literature review of the impacts of climate change on water quality identified a
number of critical parameters, variables and processes related to water quality that will
become increasingly important under future conditions of change. It was identified in this
review that nitrogen (N), phosphorus (P) and sediment will increasingly become variables of
concern under an increasingly changing climate. Furthermore, the review recognised that the
increased variability of rainfall and elevated temperatures anticipated under climate change
will add further complexity to current water quality management by altering the behaviour of
nutrients and sediment. This stems from the fact that the source generation and displacement
of these variables is highly influenced by climatic conditions. Consequently, changes in
rainfall and temperature are anticipated to result in changes in biophysical processes such as
runoff (i.e. baseflow plus quickflow), evaporation, sediment and nutrient generation and

displacement and finally, river flows.

This review also raised a number of contemporary water quality management issues which
were considered paramount to the development of adaptation strategies for local water
resources management. For example, the issue of increased human interventions in local
catchments, such as the Mngeni Catchment was highlighted as being the primary cause of
water quality deterioration. It was, therefore, recommended that adaptive water quality
management be applied in order to enable the recognition of the impacts that human
intervention has on freshwater systems, and to offer novel management ideas and policies and
promote institutional commitment to effectively manage water quality issues in this country.
This review also indicated some fundamental problems regarding water quality in South
Africa. For instance, owing to the extensive pressure on local water resources, the majority of
South African rivers are considered to have lost their ability to dilute effluent generated from
point and non-point sources. Increasing concentrations of pollutants such as nitrates,
phosphates and sediments are being recorded across many South African waterways and
reservoirs. The implications for drinking water quality standards and the sustainability of

rivers and dams in the future are, however, yet to be established.
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This implies that without the establishment of the links between basic biophysical processes
that influence water quality and the impacts of climate change on those processes, local water
quality management is going to become increasingly complex and unsustainable. This gap in
knowledge has extensive implications for adaptive water resources management in this

country.

Increased concentrations of nutrients (N and P) generated from the increased use of
agricultural pesticides and fertilizers, has been recognized as one of the main factors that
contribute to fundamental local water quality problems such as eutrophication and bloom
events. This is an inevitable outcome considering the fact that South Africa is comprised
mainly of agricultural catchments and the increasing food demands prompt the agricultural
sector to use increasing amounts of soil and crop ameliorants to meet these demands. An
added dimension to the issue of nutrient generation and dislocation is that of sediment

conveyance and catchment connectivity.

N and P are transported in dissolved states and bound to sediment particles respectively.
Considering the increased magnitude and intensity of rainfall events under climate change, an
increase in soil erosion and sediment transfer is expected. This implies that the movement of
sediment and these nutrients (N and P) from source areas to water resource systems is likely
to increase. Depending on the (dis)connectivity of landscape/catchment compartments, the
movement of nutrients and sediment, N and P will vary according to how landscapes respond
to external disturbances. It is therefore important to assess the relationship between climate
change, sediment, N and P dynamics and landscape/catchment connectivity in local water
quality management. The above discussion was considered to have significantly contributed
to one of main objectives of the review, which was to highlight the links between adaptation

in water law and policy and adaptation in water quality management.

The above discussion reveals another key gap in knowledge with respect to water quality
management in South Africa: although the impacts of a changing climate on local water
resources have been widely studied with a marked emphasis on water quantity, minimal
effort has been directed towards assessing water quality issues under climate change.
Considering the notion that water quality equally limits water quantity, this gap in knowledge

requires due consideration. Even more disconcerting is the fact that such gaps in knowledge
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exist in a country considered to be highly vulnerable to the impacts of climate change and one
that is characterised by a predominantly low adaptation capacity. In the interest of developing
appropriate adaptation strategies in local water resources management, the importance of
incorporating water quality into policy development and governance systems cannot be

overemphasised. Chapter 6 presents a detailed description of how this may be achieved.

Another equally important topic that was assessed in this review was that of water quality
modelling. Although South Africa has a fair amount of experience in hydrological modelling,
local water quality modelling appears to still be in its infancy. The review highlighted the
necessity of developing water quality models that account for potential changes in
biophysical processes under future conditions of change. The capability to develop new water
quality models or, if necessary, extend existing models, exists in local water resources
management. Harnessing the ability to perform the necessary modelling exercises locally is
going to become increasingly important under future conditions of change, as indicated by
the literature review. Consequently, the ability to model the projected impacts of climate
change on sediment yield and phosphorus is going to form a critical component of the

proposed study.

In conclusion, to design and implement effective adaptive water quality management
strategies, the relationship between human activities and natural processes was highlighted as
an important water resources management dimension in this review. The climate change
projections contained in Table 2.1 suggest that further investigation of this dimension is
going to be increasingly crucial for the future. This is going to be especially true in South
Africa, considering the perpetual pursuit of economic growth, near-exponential population
growth and socio-political instability that has become a basic characteristic associated with
this nation. To properly ascertain the extent of climate change impacts on water quality and
the complex relationship these impacts are expected to create with socio-economic systems, it
is imperative that a sound understanding and quantification of biophysical processes be
established and the various links be based on that understanding. Following from the
preceding assessment of the fundamental issues regarding the relationships between climate
change and water quality, the following Chapter provides a detailed discussion into the
potential impacts of climate change on specific water quality constituents (nitrogen,

phosphorus and sediment).
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