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Preface 
The Water Research Commission’s (WRC’s) climate change research programme regularly 
assesses the role and impact of climate on water resources while also characterising its 
contribution to climate induced disasters. This programme is implemented through a flagship 
programme (the so-called Climate Change Lighthouse) which has operationalised 
collaborative research on priority water-related climate issues with partnerships forged along 
the innovation value-chain to enhance water research and development to address the water 
sector challenges in light of the changing climate.   

The ultimate goal is to ensure empowerment of people and communities to increase 
resilience, and to develop the knowledge base for climate adaptation and decision support 
tools, together with guidance and building a framework for sectoral response. Water is critical 
for development, economic growth and a better life. It is a key factor for inter-sectoral 
linkages and forms a basis for development. Therefore, climate change impacts on water 
resources and development cannot be underestimated. The role of this lighthouse in climate-
change response is embedded within adaptive capacity, resilience, improvement of early 
warning systems, reduced vulnerability and an improved ability to respond, coupled with 
proactive planning.  

The lighthouse therefore serves as a primary vehicle to drive research and knowledge 
generation on climate change adaptation, response, characterisation of change and risks/ 
vulnerabilities and to contribute to human capital development to improve sectoral adaptive 
capacity and future response. It is premised upon improving the adaptive capacity of the 
people, communities and the sector at large in order to increase resilience and development 
of a knowledge base for climate change adaptation and decision support, while providing 
strategic guidance and a framework for sectoral response.  

The lighthouse has made a significant impact in addressing a variety of issues on water and 
climate. These include, among others, sectoral impacts of climate change, planning for future 
scenarios, characterisation of future disasters (drought, heat waves, floods), impacts on large 
mega dams and estuaries, adaptation, greenhouse gas dynamics and environmental 
footprints, as well as societal impacts (displacements, vulnerability, gender etc.). This 
publication provides feedback on such studies while reflecting on their impact on 
development and policy. It also provides a glimpse of a set of toolboxes that will contribute 
to increasing the resilience of the water sector to climate change. The publication is a 
culmination of a series of research conducted collaboratively with the WRC’s partners, and 
aims to provide the necessary direction and advice in dealing with the consequences for 
climate change. The focus in this case is on rivers, wetlands, the coastal zone and practical 
case studies at a catchment scale within inland ecosystems. 

Brilliant M Petja 
Editor 
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Foreword 

The overall vulnerability of South Africa to climate change impacts has been fully 
characterised. The emphasis is, therefore, on the necessity to carry out adaptation measures 
and developmental response within the country. This cuts across the key strategic areas of 
the WRC in addressing the challenges of the water sector and also leverage on partnerships 
to deal with the consequences of climate change. We acknowledge that climate change is a 
complex cross-cutting issue and may not be the sole prerogative of one government 
department. Nor can a single sector respond to the consequences of the changing climate. 
For the effective integration of adaptation and mitigation measures, almost every 
department in government and the entire administrative system (including decentralised 
levels of government and parastatal entities) should mainstream climate change and 
integrate it into policies and interventions.  

The WRC first recognised the potential impacts of climate change on the water resources of 
South Africa as a priority area for research in the mid-1980s. At the time it was impossible 
even to begin to address the topic in a meaningful way because of the lack of scientific 
capacity and (especially computational) resources. Hydro-climatology was prioritised as a 
research field deserving dedicated support, and funding commenced in this area in 1988. 
Research initially focused on mechanisms and teleconnections (especially links with sea 
surface temperatures that affect South Africa’s climate). In work commissioned by the WRC 
in the mid-2000s (WRC Report No: KV 207/08), a strategic direction was crafted by the WRC 
for conducting climate change research. Consequently, the climate change research portfolio 
was integrated into the larger sphere of national climate change research, thereby embracing 
a multi-sectoral and multi-level approach towards securing the water sector’s contribution to 
enabling South Africa to deal effectively with a multiplicity of existing stresses that climate 
change impacts will undoubtedly be adding to over coming decades. Significant progress has 
been made to date, and this publication reports on those specific activities that can contribute 
to the water sector regaining its resilience. It is important that the products of research are 
mainstreamed into practice to encourage uptake and science-based interventions.  

Evidence throughout the country shows a record increase in natural disasters and extreme 
weather events. Changes in climate and increased variability brings significant implications to 
production and viability of different sectors. These changes in climate advocates for balanced 
planning while adapting to the new normal within the context of development. It is important 
to adequately plan in advance to respond to both droughts and floods while increasing 
resilience to these extremes. Future infrastructural development needs to increase storage 
capacity such that more floodwater is captured and stored to prevent disasters and minimise 
vulnerability. This can include underground storage where more water may be stored for 
future use. While climate change may bring many negative impacts, planning and addressing 
those impacts in advance will contribute to making the future water supply sustainable. 
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Findings reported in this publication are aimed at positioning the water sector so as to better 
respond to atrocities that will be brought by climate change. This will, in essence, contribute 
to improving the adaptive capacity of the sector and positioning for a resilient response which 
will sustain economic growth. Within the context of South Africa as a developing country, it 
is important to take advantage of the proactive climate policies spearheaded by the 
Government to guide investment in infrastructure and other spheres of development in order 
to ensure a climate resilient economy.  

 

Dr Jennifer Molwantwa 
WRC Chief Executive Officer 
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Chapter 1 

Climate change and the water futures: An overview 
 

Brilliant Petja 1*, John Ngoni Zvimba1, Sylvester Mpandeli1 and Luxon Nhamo1 

1 Water Research Commission 
* Corresponding author: brilliantp@wrc.org.za 

 

 

Abstract: Water is one sector witnessing depletion and degradation due to the increasing frequency and intensity of 
extreme climate-related events such as droughts, heatwaves, and flooding. These events have been consistently increasing 
with the corresponding change in climate. These developments have compromised the water and sanitation initiatives to 
achieve sustainability in the sector by 2030. This chapter provides an introductory context and highlights the brevity and 
enormity of climate change in South Africa, highlighting common areas of interest and the need for resilient response to 
sustain the water sector. The recurrence of droughts caused by the El Niño Southern Oscillation (ENSO) continues to 
devastate the country, affecting poor households and the environment. Although South Africa is classified as food secure 
at national level, over 40% of households remain food insecure, a situation that requires immediate policy interventions to 
enhance resilience and meet the 2030 global agenda on sustainable development. This paper, therefore, advocates for 
site-specific diagnoses of climate change impacts starting at a local scale, which will ultimately lead to practical solutions 
that will increase resilience and adaptive capacity. 

Keywords: Adaptive capacity; resilience; extreme events; climate change; sustainable development 
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1. Introduction 

Climate change is a complex cross-cutting issue and may not be the sole prerogative of one government 

department. A single sector cannot respond to the consequences of the changing climate alone. For the 

effective integration of adaptation and mitigation measures, almost every department in government and 

the entire administrative system (including decentralised levels of government and parastatal entities) 

should mainstream climate change and integrate it into policies and interventions. Furthermore, a 

multiplicity of actors is intervening and influencing discussions and actions. Policymakers need to take these 

features into account and address the governance of climate change as a complex, cross-cutting, multilevel, 

multi-actor process that is deeply embedded in local realities [1]. The southern Africa region is extremely 

vulnerable to the impacts of climate change both in terms of the region’s water resources and development. 

The projections into the future show declining trends in rainfall because of the changing climate. This, 

coupled with projected increasing temperatures translates into a forecast for drier areas. Evidence shows a 

record increase in natural disasters and extreme weather events [2,3]. Changes in climate and increased 

variability brings significant implications for production and viability of different sectors. These changes in 

climate advocate for balanced planning while adapting to the new normal within the context of 

development. It is important to adequately plan to respond to both droughts and floods while increasing 

resilience to these extremes. Future infrastructural development needs to include the increase of storage 

capacity such that more floodwater is captured and stored. This can include underground storage where 

more water may be stored for future use. This will reduce societal vulnerability to the impacts of floods while 

reserving these extremely high volumes of water for use in drier periods and also for groundwater recharge. 

On the other hand, recovery from droughts is a timely process. This bears negative implications for economic 

activities, such as agriculture, as they may take longer than usual to recover after each drought season. While 

climate change may bring lots of negative impacts, planning and addressing those impacts in advance will 

contribute to making the future bearable [4,5]. This publication serves as a toolbox to reflect on the 

challenges brought on by climate change to water resources and ecosystems. It is aimed as an eye opener 

and will by no means cover all the climate change issues facing the water sector. 

2. Context 

It is important to regularly reflect on the future likely to be brought on by climate change. There is a 

need to assess each development relying on water, with a particular emphasis on increasing the resilience, 

adaptive capacity and proactive response of each sector. This may include, among others, strengthening 

infrastructural capacity. The projected climate future will be covered in detail in chapters two and three. 

Examining climate change impacts on society and the environment should not only focus on temperature 

and precipitation, but also on the resultant impacts on socio-economic implications on population shifts, 

migration, resource needs and development requirements above the ordinary threshold. Water-intensive 

industry and developments may need to relocate, change water use patterns or explore further alternatives 

which may affect the locality of current economic hubs. It is critical to establish new protocols for assessing 
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vulnerability of existing infrastructure emphasizing the need to incorporate global climate science into them 

to improve their resilience. Design of new infrastructure requires in depth consideration of the future climate 

to encourage sustainability and resilience. It is important to adequately plan to respond continually to both 

droughts and floods while increasing adaptive capacity. This will contribute to reducing societal vulnerability 

while encouraging sustainable development. 

3. Rationale for climate change research 

Actions and interventions responding to the changing climate require the research sector to identify the 

likely impacts of climate change and to develop strategies and position the sectors to respond to identified 

risks and opportunities. Improved observation, process understanding and modelling of the climate system 

will deliver more robust information on the timing, extent and nature of likely changes to temperature, 

rainfall, water availability, sea level and extreme climate events. Determining how important climatic 

variables will change, quantifying their natural variability on multi-decadal or longer timescales, and 

improving confidence in climate projections will allow for better risk management, reduce the cost of 

managing the impacts of climate change, and enable exploitation of potential opportunities. Detecting and 

attributing current changes in the climate will enable informed government decision-making for climate 

change response. Understanding the sources of uncertainty in projections of future climate change will help 

quantify likely impacts on communities (including coastal communities), biodiversity, water resources, 

primary production sectors and major infrastructure. Extreme climate events including tropical cyclones, 

flooding, veld fires and drought have posed severe impacts on the economy, community and ecosystems 

over recent years. These events are closely linked to known drivers of climate variability, such as the El Niño 

Southern Oscillation, with possible contributions from climate change. Understanding how these global 

drivers have previously behaved, are behaving today, and how they will change in the future, as well as how 

they are influenced by climate change, will help us forecast and plan for future extreme climate events with 

greater confidence. Ensuring that climate models capture these processes will underpin the capacity to 

predict changes with greater confidence and better understand uncertainties about future climate [6] and 

advice accordingly on the appropriate responses [5,6].  
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4. Framework for mitigation and adaptation

It is acknowledged that climate change is a complex and cross-cutting problem that is impacting on all 

sectors [7]. As a challenge that is affecting all sectors, climate change adaptation needs to be addressed 

holistically through transformative and circular models that consider the interlinkages of sectors and reduce 

uncertainties that are associated with linear approaches [8]. Transformational change is critical when 

responding to societal changes and when shifting from the norm. There are four climate change thematic 

areas that need to be addressed to achieve resiliency in the water sector [8,9,10]. These include (a) 

integrated policy and institutional frameworks, (b) adoption of water use efficiency technologies, (c) 

development of a water adaptation strategy, and (d) adoption of transformational and circular approaches 

to manage water resources (Figure 1).

The water sector climate change adaptation thematic areas address the drivers of climate change that 

impact water resources. The implementation of these fundamental themes is envisaged to enhance water 

and food in the country. Climate change adaptation through transformational, multicentric and circular 

approaches inform policy- and decision-making on managing resources effectively without transferring 

challenges to other sectors [11,12]. Responses to climate change in the water sector range from autonomous 

Figure 1. Conceptualised pathways towards climate change adaptation and resilience in the water sector.
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coping strategies to reactive interventions towards climate variability and extreme weather events, and 

proactive interventions to long-term changes in climate [10]. Reactive/autonomous adaptations refers to 

deviations from current production and management practices (such as changes in crop mixes, and crop 

varieties) in response to changes in local climatic and growing conditions [9]. Proactive interventions, on the 

other hand, include planned policy and investment decisions to enhance adaptive capacity of target water 

and agricultural systems, such as investments in efficient irrigation systems and new crop varieties [11]. 

While reactive/autonomous responses are useful in the short-term, it is proactive interventions that 

contribute to long-term adaptation and sustainability. One such initiative is to promote and cultivation of 

indigenous underutilised crops that are suitable for local harsh environmental conditions and do not require 

a lot of water. 

Policies on climate change adaptation need to be aligned to governance capabilities such as (a) 

reflexivity, (b) resilience, (c) responsiveness and (d) revitalisation [11]. Reflexivity is the ability to deal with a 

variety of problem systematically and continuously as they emerge; resilience is the ability to bounce back 

to the original basic state of function after a perturbation; responsiveness is the ability to deal with dynamic 

demands and expectations, and revitalisation is the ability to reignite policies and ensure their continuous 

application [13,14]. Ideally, these approaches must be flexible to allow upscaling and downscaling, 

depending on and in response to the prevailing challenges at local and transboundary scales. In addition, 

adaptive management, which allows for iterative decision, is needed to manage climate change risk and 

uncertainty. Table 1 provides some of the climate change risks on water and the adaptation strategies. 

5. Implications for local scale response 

The South African water sector is expected to be significantly impacted by projected climate change. 

Such experiences have already been witnessed during the recent El Niño event (2015 – 2016). The entire 

water services value chain is vulnerable to the effects of climate change, from the raw water source, through 

to the purification and distribution processes and subsequent wastewater treatment. Increased 

temperatures will affect existing water treatment infrastructure and conveyance systems. In this regard, 

storage tanks, flocculation chambers, and the pipeline network used for water distribution may be exposed 

to increased corrosion as a result of higher temperatures. In turn, an increase in extreme events, such as 

floods, may damage infrastructure. An increase in temperature will also lead to a concomitant increase in 

water demand and use despite a decrease in available water at the source due to higher rates of water loss, 

especially from dams. This will result in an increased level of pollutants in water resources, which will 

translate to an increase in the cost of treatment, an important area for municipalities to be able to put in 

place the necessary plans to adapt to these changes. All of these changes will be an added burden to 

municipalities, who are already having to cope with eradicating service backlogs in support of improved 

service delivery, ensuring proper operation and maintenance of water and wastewater systems and ensuring 

water security amid rising demand and dwindling water supplies. To assist with addressing above challenges 
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guidelines dealing with the selection of relevant water sector adaptation technologies and approaches for 

specific climate change impacts over the short-, medium- and long term have been developed (see, for 

example, WRC Report No. TT 663/16, [15]). The concept for adaptation articulated in these guidelines is to 

provide solutions that can be applied across various geographical settings and municipal capabilities, thus 

setting the basis for adaptation to be planned and applied where and when required, especially in the most 

vulnerable regions and within suitable timeframes.  

 

When municipalities compose their climate change adaptation response, as they are now being 

encouraged to do, they should consider their specific local circumstances. The options selected should 

optimise prevailing and anticipated environmental, social, economic and cultural aspects. Options should 

also be associated with a favourable economic assessment after accounting for the social components for 

which monetary returns are not expected. In this regard, rural municipalities are considered to have the 

poorest adaptive capacity, making them more vulnerable to the additional stresses, while large urban 

municipalities are associated with a higher level of service delivery, thus reducing vulnerability. The Blue- 

and Green Drop scores also point to the nature of vulnerability in water and wastewater services. A poor 

score also means that the institution and the service delivery process are highly vulnerable to the impacts of 

external factors such as climate change. As such, these vulnerabilities have to be dealt with before 

accounting for climate change. Water sector bylaws and management of restrictions are currently evolving 

at a slower pace which do not necessarily cater for the threat of climate change to water service provision 

but rather attempts to respond to disasters already in dire situations. In this regard, plans for implementing 

climate change adaptation are still failing to make it onto the list of prioritised projects for the municipalities, 

even though several climate change strategies may have been developed. This often results in failure of cities 

to respond to disruption in water supply for example in case of extended and unusual drought which are the 

modern features of the changing climate [15].  

6. Conclusions 

The overall vulnerability of South Africa to climate change impacts to the water sector has been fully 

characterised, and the emphasis now falls on translating findings into adaptation measures and 

developmental interventions, with the aim of providing site-specific responses. From the overview, it can be 

noted that climate change can be classified as a permanent problem which needs to be dealt with 

sustainability. The basis for climate change response is dependent, among others, on adaptive capacity, 

increasing resilience, improvement of early warning systems, reducing vulnerability, identifying specific 

impediments and the ability to respond while prioritising proactive planning. It is upon this premise that 

consequences of climate change can be addressed in an attempt to contribute to a climate resilient society. 

Considering water as both a constraint and opportunity to sustainable growth and development under a 

changing climate, the research outcomes therefore need to be robustly mainstreamed into water-related 

policy practice as well as developmental and adaptation needs while integrating a cross sectoral capacity 
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development and at the same time informing the future sectoral response. This publication therefore talks 

to the site-specific climate change impacts and attempts to bring forth the strategies that advocates for 

resilience and sustenance of the water sector in light of the changing climate.  

Funding: No funding was solicited for this article.  

Acknowledgments: Production of this chapter was enabled with support from the Water Research Commission. 
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Abstract: Climate change, manifested in the form of drought and heat extremes, will lead to great impacts on key economic 
sectors such as water resources, human health, and agriculture, among others, in South Africa. Such impacts are likely to 
hinder national efforts to achieve Sustainable Development Goals. In this chapter, impacts of drought and heat stress on 
climate-sensitive sectors have been assessed for the 2036 – 2065 and 2066 – 2095 projected periods, across 52 district 
municipalities of South Africa, under two different Representation Concentration Pathways scenarios (e.g., RCP4.5 and 
RCP8.5). The impacts were assessed based on availability and accessibility of a set of exposure and sensitivity determinant 
indicators, e.g., describing the degree to which people, and systems are exposed to climate variations, as well as the degree 
to which the systems are affected by climate change and its extreme events, respectively. Based on the results, both 
drought and heat stress are likely to increase during the two projected periods, although the level of the impacts will be 
mostly localised. Considering drought projections, South African district municipalities are likely to experience low to 
moderate drought potential impacts over both the near and distant periods, with possibility of the impacts reaching higher 
level of the moderate category in municipalities situated in the upper north, central and south-eastern regions. Moreover, 
most of the district municipalities in the southern region are anticipated to experience moderate to high heat stress 
impacts. This study contributes towards effective planning and management of water resources and support the 
development and implementation of adaptation strategies and decision-making to build climate resilience in the most 
vulnerable communities and district municipalities. 

Keywords: Climate change; drought; heat extremes; water-linked sectors; health 
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1. Introduction 

The threats and challenges of climate change have unquestionably become the central and key 
fixation of governments, in both developed and developing countries. The preoccupation around 
climate change is attributed to greater societal concerns over increasing socio-economic demands and 
ecological constraints, which to a large extent impedes the equitable implementation of sustainable 
development goals. Socio-economic threats of poverty and inequality, together with other factors that 
underpin the society such as population growth, loss of biodiversity, land use and degradation, 
unmanaged migration, reduced soils health and economic development, add to the mounting 
challenges, thus leading to greater vulnerability and volatility of ecological and socio-economic systems 
[1].  

 
The Earth’s climate has demonstrably changed at an alarming rate both at regional and global 

scales since the pre-industrial era [2], and the associated impacts observed in the more severe and 
frequent weather events, shifts in climatic patterns and natural disasters have become highly variable 
and uneven. For instance, while some regions are already experiencing prolonged periods of drought 
events [3], others are progressively facing severe and recurring floods and storms [4], and in some 
regions, both sets of the hydrological extremes are being experienced [5,6]. Certain regions in Africa 
are experiencing an increase in high temperature extremes attributed to the changing climate that 
continues to alter weather and climate systems [7]. The immediate impacts of climate change are 
manifested in key economic (or climate-sensitive) sectors such as water resources, human health, 
agriculture, transport, and tourism, among others. While the impacts of climate change in Africa 
(particularly as the most vulnerable continent) are irrefutable, global climate model projections and 
other climate-related studies have determined that the distribution of the future impacts will vary, 
depending on the availability of resources as well as the ability of individual nations to respond [8-11].  

 
South Africa, like many developing countries in Africa, is more vulnerable to climate change. In the 

National Climate Change Strategy, climate change is cited as one of the greatest challenges facing the 
country, and consequently, affecting the sustainability of key socio-economic resources [12]. 
Undoubtedly, changes in climatic variables, such as the increasing temperatures and extreme rainfall 
events, pose a significant threat to South Africa’s climate-sensitive sectors such as water resources, 
food security, health, transport, infrastructure, ecosystem services and biodiversity, among others. In 
addition, climate change is expected to increase the frequency and magnitude of natural hazards such 
as drought, floods, extreme heat, wildfire smoke and ozone episodes [13]. All these impacts are of 
great concern to the national development, considering the country’s exorbitant levels of 
unemployment, poverty, and inequality [14]. For poor and vulnerable communities to cope, adapt and 
build resilience to the ongoing climate change, the root cause of unemployment, poverty, inequality, 
and vulnerability risk, in general, need to be properly addressed across all government spheres. 

 
Impact studies investigating climate changes of natural hazards such as drought, floods, and heat 

stress contribute towards understanding climate vulnerability, spreading risk and to build adaptive 
capacity among susceptible communities. Furthermore, assessment studies of climate change impacts 
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are essential for effective policy and decision-making to mitigate the inherent impacts, including 
providing supportive measures for local-level service planning, proper management and sustainability 
of key economic resources as well as promote resilience within communities to manage climate-
related hazardous conditions [15]. Notwithstanding contributions of climate change impacts studies, 
such assessments are hindered by limited local-level data and models that integrate water-linked 
sectors, as well as climate and climate projections down to local community levels [16]. For instance, 
climate change impacts studies are dependent on the combined elements of hazard exposures (e.g., 
drought, floods or extreme heat events expected to increase with climate change) as well as 
community’s pre-existing sensitivities (determinants that make the community more likely to be 
impacted by the exposures). The availability of these determinants varies within local communities, or 
municipalities, yet their combinations provide great opportunities and are likely to reduce inherent 
impact risk and support local-level service planning and prioritization of resources under changing 
climate.  

 
The scientific knowledge on climate change impacts in South Africa remains fragmentary. While 

an effort has been made to understand and characterise historical extreme events that have impacted 
climate-sensitive sectors at various spatial-temporal scales, studies focusing on the potential impacts 
of climate change on key economic sectors are limited or non-existent. A sound quantification of the 
expected climate change impacts under different emission scenarios and at municipality or community 
levels is needed for local-level service planning, prioritisation, and management of economic resources 
as well as the development and implementation of climate-related adaptation and mitigation policies.  

 
In this chapter we investigate the impacts of climate change on water-linked sectors over South 

Africa. The determinants of climate-related hazards (i.e., projected drought duration and severity as 
well as heat stress indicators) were identified and assessed across the 52 district municipalities in South 
Africa. The remainder of the chapter is structured as follows. Section 2 provides an overview of climate 
change research undertaken in South Africa. Section 3 provides an overall perspective of climate 
change on water-linked sectors. Section 4 is devoted to observed and CORDEX-Africa simulated data, 
the methodology followed to assess projected potential drought and heat stress impacts under 
changing climate and report on the results. The results as well as the potential implications to water-
linked sectors and climate-related policy and decision-making are discussed in Section 5. Section 6 
concludes the chapter and provides recommendations. 

 
1.2. Overview of climate change research in South Africa and methods 

Climate change is certainly one of the critical concerns in South Africa. With the mean annual 
temperatures, extreme rainfall events, and heatwaves, among others, expected to increase in future, 
the country, through various initiative programmes, is making every effort to develop and implement 
adaptation strategies to support development of climate resilient, and alleviate potential damages, 
including the loss of lives as well as the destruction of infrastructure and property. South Africa has 
highly maintained hydro-meteorological observing networks through the South African Weather 
Service (SAWS), the Department of Water and Sanitation (DWS), and other agencies. The country is 
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also well equipped with in-country weather forecasting and climate modelling expertise led by 
institutions like the Council for Scientific and Industrial Research and universities, as well as advanced 
and modern technologies. The datasets and overwhelming expertise have been used to support 
climate change research and development studies [17-19] in the country, including climate model 
forecast development and evaluation and climate projections [20-22]. Consequently, there is vast 
advanced research that has been conducted in South Africa and has been widely reported in the 
literature. For instance, approximately 3 383 scientific documents focusing on climate change studies 
in South Africa, have been published in various accredited journals worldwide, between 2000 and 
2022. Annual distribution of scientific publications (Figure 1) indicate that research in climate change 
subject matter has linearly increased over years. As noted in Figure 1, the number of published 
scientific documents peaked in 2021 (n=403). In general, climate change research in South Africa has 
increased by approximately 6.1% average annual growth over the last two decades. The overall 
percentage growth rate of annual publications reaffirms that the body of research literature has surged 
much interest among the science community, practitioners and other relevant stakeholders owing to 
a growing national concern on issues of climate change.

Figure 1. Annual scientific publications in South Africa between 2000 and 2022.

A number of institutions in South Africa are involved in climate change research and development. 
These institutions cut across government entities, universities, and science councils. In addition, 
undertaken research activities within climate change subject matter mostly cover aspects of earth 
system science such as hydrology, atmosphere, land surface, and oceans, among others. Key academic 
institutions that are actively involved in climate change research in South Africa are shown in green in 
Figure 2. The institutions are the University of KwaZulu-Natal, University of the Witwatersrand, 
University of Pretoria, and the University of Cape Town. These universities collaborate with each other 
as well as with other academic institutions. The universities of Pretoria and Cape Town are leading in 
terms of collaborations, both having collaborated with at least nine institutions locally and abroad. The 
University of Cape Town is one of the country’s foremost centres for climate modelling, focusing on 
ocean-atmosphere process studies, seasonal forecasting, and climate change projections [13]. 
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Figure 2. Collaborations between national and international institutions in the area of climate change.

There is consensus that climate change is a complex and multifaceted problem, both nationally 
and globally. As researchers continue to undertake climate change research and development studies 
in South Africa, the focus varies according to the theme of the research. As shown in Figure 3, climate 
change studies reported in South Africa have focused on trends and variability of climatic variables 
such as precipitation, temperature and runoff; climate change models and modelling; mechanisms that 
control seasonal to decadal climate variability; understanding how such mechanisms and climate 
change, in general, affect sustainable development of food security (agricultural production) and water 
resources availability and supply thereof, as well as environmental and biodiversity impacts. The 
Western Cape Province appears in the top list of keyword co-occurrences. This is expected given that 
the province has experienced severe drought that has significantly impacted water resources over the 
years, with the worst reported events in 2015. Consequently, researchers have paid most attention to 
the province, making great efforts to understand drought conditions in the region.  
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Figure 3. Keyword co-occurrences in climate change scientific published documents in South Africa.

Over the last two decades (2000 – 2022), the 3,383-climate change scientific documents published 
in South Africa were accomplished by a total of 10,813 authors, of which approximately 4.2% (95.8%) 
were classified as single (multi) authored documents. Since authors are classified in terms of their 
affiliation country, climate change research output is identified as Single Country Publications (SCP), 
where authors worked alone or collaborated with other authors at national level, and Multiple Country 
Publications (MCP), where authors from South Africa have collaborated with authors from other 
countries. It is clear from the top-panel of Figure 4 that most climate change research was conducted 
in South Africa through MCP collaborations. The extent of such country collaborations is illustrated in 
the bottom panel of Figure 4. There are noticeable collaborations between South Africa and 
international countries such as the United States of America, the United Kingdom, Germany, China, 
France and Australia, among others. This collaboration is essential given that most of these developed 
countries have put systems in place, use advanced technologies and high-resolution remote sensing 
data and models for weather forecasting and climate change monitoring projections. Consequently, 
South Africa, through country collaborations platforms, stands to benefit a lot on issues of climate 
change through information sharing, knowledge, and skills transfer.
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Figure 4. The top panel depicts the top ten countries that have contributed towards research and 
scientific publications of climate change in South Africa. The bottom panel illustrates collaborations 
between South Africa and other international countries. 

 

1.3. Perspectives of climate change impacts on water-linked sectors 
Climate change impacts are episodic, long term, and sometimes irreversible. Frequent flooding, 

heavy rainfall events and intense storms, heatwaves, wildfires, droughts, and the rise in the frequency 
of days with extreme temperatures are some of the examples of episodic consequences while 
shrinking glaciers, for example, can be regarded as permanent long-term effects [23]. As commonly 
agreed, the amplified natural greenhouse effects will intensify and increase the frequency of recorded 
catastrophic weather occurrences and disasters, causing enormous humanitarian calamities both at 
local and global scales [24]. As captured in literature, South Africa is not exempt from the rapidly 
escalating effects of climate change [13,25]. Because of the gravity of these threats, which affect a 
wide range of inextricably linked climate-sensitive sectors which we value and depend on, there is 
widespread consensus on the need for improved scientific understanding that will address 
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uncertainties regarding the direction, pace, and severity of the impacts of climate change [26]. 
Certainly, the evaluation of changes at the local level in terms of seasonality, interannual variability, 
statistical high and low flows are essential in comprehending the effect of climate change as observed 
in every part of our lives and across sectors. Socio-economic drivers are constantly evolving, such as 
increased population growth, urbanisation, economic development or lack of, significantly influence 
how climate change propagates and affects current and future generations. Noted disparities at 
different regional scales and within the same communities exacerbate vulnerability among 
disadvantaged populations, often exposed to the highest exposure hazards and have limited resources 
to respond.  

 
Water supply and sanitation, energy, transportation, wildlife, agriculture, food security, land use 

and forestry, ecosystems and biodiversity, settlements and infrastructure, and human health are some 
of the recognized climate-sensitive industries [27,28]. The effects of climate change on selected 
climate-sensitive industries are briefly examined.  

 

1.3.1 Water  

According to the Intergovernmental Panel on Climate Change’s (IPCC's) Fourth Assessment Report 
on Climate Change and Water, climate change's effects on water resources can be grouped under three 
outlined categories: 

 Changes in precipitation – increasing flooding and drought 

 Increased water temperature – exacerbating water pollution and impacting water quality; and 

 Reduced water supplies in glaciers, resulting in decreased water supplies to major 
mountainous regions 
 

The first two water resource impacts are notable hydrometric extremes in South Africa. As 
reported in the literature, as climate changes, some regions will become drier – and thus more prone 
to drought – while others will become wetter and thus more susceptible to flooding. Flooding events 
have been reported in the Western Cape, Limpopo, KwaZulu Natal and Free State provinces. Drought 
conditions are prevalent mainly in the Northern regions of the country, which are aggravated by high 
temperatures and changes in precipitation patterns [29]. Because South Africa is already a water-
stressed country, with an average annual rainfall of 450 mm, well below the global average of 860 m 
[30], projected climate change impacts will exacerbate the country's already-existing water crisis. 

 

1.3.2 Health 

The scientific literature largely accepts that climate change has both direct and indirect effects on 
human health and well-being. Direct effects include a rise in ambient temperature and the 
corresponding increase in morbidity and mortality occurrences, and the health burden of dust and air 
pollution exposure has been reported to aggravate respiratory diseases. The change in the frequency 
and incidence of vectors and water-borne infectious illnesses, among other things, has an indirect 
influence. According to the National Climate Change Response White Paper, nine health and 
environmental factors have been identified as potential key risks for South Africa, including: (i) heat 
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stress; (ii) natural disasters; (iii) housing and settlements; (iv) communicable diseases; (v) exposure to 
air pollution and respiratory diseases; (vi) non-communicable diseases; (vii) vector- and rodent-borne 
diseases; (viii) food insecurity, hunger and malnutrition; and (ix) mental ill-health [14]. These factors 
must be assessed to reduce the compounding impacts of climate change, which continue to expose 
the most vulnerable groups in communities to greater climatic hazards. This includes children and the 
elderly, as well as persons who work in outdoor areas and those who have pre-existing health 
conditions. 

 

1.3.3 Agriculture 

The agricultural sector (i.e., cropland, livestock, forests and fisheries) depends on weather and 
climate conditions. Significant changes in precipitation patterns and increase in minimum and 
maximum temperatures that are already being felt pose momentous challenges to the sector with far-
reaching effects on crop yields and nutritional quality of agricultural production, thus food security 
[31]. Compounding water-related challenges, invasive crops and pests and competition for land further 
affect the agricultural sector, in particular socio-economic factors. The impact of climate change in the 
agricultural sector is unevenly distributed. While South Africa might be classified as food secure, food 
access and productivity will in the foreseeable future be challenged due to less favourable weather 
and climate patterns brought about by changing climate. To reduce climate change vulnerabilities, 
socio-economic resilience must be built up through measured and effective responses. 

 

1.3.4 Energy 

Climate change is one of the driving forces behind the low carbon transitional energy policies that 
respond to climate change mitigation and related policies. Like many countries, the low carbon energy 
transition in South Africa started gaining momentum in support of the global quest to limit global 
warming below 2°C. The transitioning and energy supply system diversification (i.e., renewable energy 
systems) is crucial for South Africa, which is currently heavily reliant on fossil fuel-generated energy. 
Such a transition will ensure that energy supplies remain secure and reliable in support of low carbon 
economic development on which many sectors are dependent [32]. 
 

2. Materials and methods 

2.1. Study site 

South Africa is situated in the southernmost tip of Africa, stretching latitudinally from 22oS to 35oS 
and longitudinally from 22oE to 33oE, with surface area of approximately 1,219,602 km2. The country 
shares common boundaries with neighbouring countries such as Namibia, Botswana, Zimbabwe, 
Mozambique and Eswatini (formerly Swaziland), with the Mountain Kingdom of Lesotho locked within 
the South African land in the south-east. South Africa is a fairly arid to semi-arid country, with an 
average annual rainfall of approximately 464 mm. Rainfall seasons demarcate the country into all-year-
round, winter- and summer-rainfall regions, with most of the country falling under summer-rainfall. 
South Africa is divided into nine provinces and further demarcated into 52 districts (metropolitan or 
district municipalities). These district municipalities are the second level of administrative division, 
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below the provinces and above the local municipalities. The current study was carried out in the 52 
districts municipalities, see their location across the nine provinces in Figure 5. 

 

 

Figure 5. South African district municipalities. 
 

2.2. Data 
2.2.1. Climate data 

In this study, daily Coordinated Regional Downscaling Experiment (CORDEX) climate simulations 
(e.g., precipitation, minimum and maximum temperatures) from the CORDEX Rossby Centre regional 
model (RCA4) were used. These CORDEX climate simulations were driven by eight Global Climate 
Models (see Table 1) of the 5th Phase of the Coupled Model Inter-Comparison Project (CMIP5) [33], 
dynamically downscaled across the African domain with a spatial resolution of 0.5° × 0.5° [34]. An 
ensemble model was then computed from the eight CMIP5 GCMs projections under two 
Representative Concentration Pathways (RCP4.5 and RCP8.5) scenarios. These RCPs are developed 
under dissimilar hypotheses of, for instance, future political and economic human behaviour [35]. The 
climate projections cover the near- and distant-future, spanning from 2036 – 2065 and 2066 – 2095, 
respectively. Moreover, the historical CORDEX RCA4 RCMs, spanning from 1976 – 2005, were forced 
by eight CMIP5 GCMs historical GCMs. Climate projections’ simulations were run in relation to the 
historical reference period from 1976 – 2005. 
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Table 1. Global Climate Models used for the model ensemble 

Model name Country Resolution Reference 
CCAma-CanESM2 Canada 2.8° x 2.8° [36] 
CNRM-CERFAC_CNRM-CM5 France 1.4° x 1.4° [37]  
CSIRO-Mk3-QCCCE-CSIRO-MK3-6-0 Australia 1.9° x 1.9° [38]  
IPSL-IPSL-CM5A-MR France 1.9° x 3.8° [39]  
MIROC-MIROC5 Japan 1.4° x 1.4° [40]  
MPI-M-MPI-ESM-LR Germany 1.9° x 1.9° [41]  
NCC-NorESMI-M Norway 1.9° x 2.5° [42] 
NOAA-GFDL-ESM2M USA 2.0° x 2.5° [43] 

 

2.2.2. Non-climate data 

The projected impacts of climate change on water-linked sectors assessed by selecting exposure 
and sensitivity indicators. According to the IPCC [2,44] the exposure describes the nature and degree 
to which people, property and systems, among others, are exposed to climatic variations, whereas 
sensitivity is the degree to which the systems are affected by the changing climate as well as the 
inherent extreme events. The metric indicators used to assess impacts of drought and heat stress are 
summarized in Table 2. 

 
The Drought Duration (DD) and Drought Severity (DS) were the only climate-related extremes used 

to measure the exposure indicator. Both DD and DS indicators were computed from the Standardized 
Precipitation Evapotranspiration Index (SPEI) [45]. The SPEI, which takes into account both 
precipitation and potential evapotranspiration (PET), was computed for 6-month accumulation period 
across the two projected timescales. The calculation of the SPEI is built upon the change between 
precipitation and PET, and its computational process follows the concept of the Standardized 
Precipitation Index (SPI) [46]. Detailed information on the calculation of the SPEI can be found in [45], 
and references therein. In this study DD represents the number of months of a drought event, whereas 
DS is the absolute sum of the SPEI within DD.   

 
Similarly, the Heat Wave Duration (HWD) and Heat Wave Magnitude Index Daily (HWMID) 

represented environment exposure in the assessment of heat stress hazards across the 52 district 
municipalities. The HWD is defined as the duration of the year’s longest heatwave (days), while the 
HWMID is defined as the sum of the magnitude of the consecutive heatwave days based on daily 
maximum temperature, where a heatwave is defined as the period of at least three consecutive days 
with a maximum temperature above the calendar 90th percentile centred on a 31-day window for the 
reference period [47]. 
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Table 2. Metric indicators of drought and heat stress impacts analysis 

Determinants 
of Impact 

Indicator/Metric Description/Implication 

Drought impacts indices 

Sensitivity 
Population density Higher population density, greater sensitivity 
Surface water More surface water, less sensitivity 
Water access totals Greater water access, less sensitivity 

Exposure 
Drought duration The longer the drought the greater exposure 
Drought severity The higher the severity the more the exposure 

Health impacts indicators 

Sensitivity 

Total population per 
district 

All population groups. A large population means more people 
exposed to risk 

Percent of the elderly Percentage of the population over 65 years old 
Percent of children Percentage of the population under 5 years old, (0 – 4 years) 

Environmental 
exposure 

Heat Wave Duration 
(HWD) 

Duration of the year's longest heatwave (days) 

Heat Wave Magnitude 
Index Daily (HWMID) 

The maximum magnitude of the heatwaves occurring in a year 

 

2.3. Methods 

2.3.1. Projected extreme precipitation events 

Dynamics of precipitation extremes were assessed based on the Consecutive Dry Days (CDD) and 
Consecutive Wet Days (CWD) climate change indices. The CDD is a drought index that represents the 
maximum number of consecutive dry days per time period, with daily precipitation amount of less 
than 1 mm. This climate index measures below-normal precipitation. In this case, extreme values 
represent prolonged periods of below-normal precipitation, a condition that manifests as drought. An 
increase of CDD with time suggests that there is a likelihood of drought conditions to increase. 
Similarly, the CWD represents the maximum number of consecutive wet days per time period with 
daily precipitation amount greater than 1 mm. High values of this precipitation index corresponds to 
potential flooding. Both climate extreme indices were calculated based on RClimDex package. Detailed 
information on the calculation of CDD and CWD climate extreme indices can be found in [48,49] 
http://cccma.seos.uvic.ca/ETCCDI and http://etccdi.pacificclimate.org/list_27_indices.shtml. 

 
2.3.2. Drought and heat stress potential impacts 

The impacts of drought and heat stress were quantified based on two selected determinants, 
which are the sensitivity and exposure, as given in Table 2. The original form of both exposure and 
sensitivity indicators are often not standardised, e.g., they have different International System of Units. 
For ease of reference, each of the indicators was normalised using either Equation 1 or 2, depending 
on the indicator’s maximum and minimum values, thus leading to positive or negative correlation,  

=     (1) 

=    (2) 
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where x is the value of a specific indicator for the ith district municipality, and xmin and xmax 
represent the maximum and minimum values of the indicator, respectively. Equation 1 is used when 
the indicator has a positive correlation, whereas Equation 2 applies for the negative correlation. The 
normalised values (Z) range from 0 to 1, where zero represents the least sensitive (exposure), whereas 
1 represents higher sensitivity (exposure). After the normalisation, the sensitivity and exposure 
indicators were calculated by using Equation (3), 

=     (3) 

where n is the number of metrics in sensitivity or exposure indicators, and Zji is the value of the 
indicator j (i.e., sensitivity or exposure) for the district municipality i. Equation (4) was used to calculate 
the potential drought and heat stress impacts. 

= ×   (4) 

The higher the Potential Impacts (PI) score, the more significant the adverse impact caused by 
heatwave or drought events. The z-score (i.e., statistical deviation from a mean value) approach was 
used to normalize the data for each variable, and each factor score was combined into quantiles to 
create composite PO scores [50]. A four-point quantile scale was used to interpret the level of impacts 
at the 52 district municipalities as shown in Table 3. 

 
Table 3. Categories of exposure, sensitivity, and potential impact scores 

Category Sensitivity Exposure Potential Impact 
0 < Indicator < 0.25 low risk low low  
0.25 < Indicator < 0.50 moderate risk medium moderate 
0.50 < Indicator < 0.75 high risk high high 
0.75 < Indicator < 1.0 extreme risk extreme Extreme 

 
3. Results 
3.1. Changes in the projected extreme precipitation and temperature events 

3.1.1. Consecutive wet days 

The results of the CWD at national scale for each province is depicted in Figure 6. Under the RCP4.5 
scenario, the CWD is projected to increase to an average of about 5 days/year majorly in the west-
central parts of Free State province, north-eastern part of North West, KwaZulu-Natal, Mpumalanga 
and Limpopo provinces. The spatial extent of the CWD is projected to decline into the far future. Under 
the RCP8.5 scenario, CWD is projected to decline having an average of 4 days/year with a considerable 
reduction in the spatial distribution. 
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Figure 6. Projected Consecutive Wet Days in South Africa under (top) RCP4.5 and (bottom) RCP8.5 for 
2036 – 2065 and 2066 – 2095 referenced to 1975 – 2005. 

3.1.2. Consecutive dry days 

As shown in Figure 7, CDD is projected to increase from about 5 to 65 days/year under the RCP4.5. 
The Western Cape Province is likely to experience the highest number of CDD of about 45 days/year 
in near future climate (2036 – 2065) and to more than 50 days/year in the far future climate (end of 
the century). The CDD are projected to further increase under the RCP8.5 for all time periods reaching 
more than 90 days/year in the far future. 
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Figure 7. Projected Consecutive Wet Days in South Africa under (top) RCP4.5 and (bottom) RCP8.5 for 
2036 – 2065 and 2066 – 2095 referenced to 1975 – 2005. 

 

3.2. Projected drought impacts on decadal timescales 

3.2.1. Sensitivity indices and their impacts 

As alluded in the methodology section, a number of sensitivity determinants (these are indicators 
that are likely to be affected by projected increase of climate change) were selected to quantify the 
drought exposure at national scale. These indicators were first assessed to evaluate the risk levels 
across the country at district municipality spatial scale.  The levels of risk were categorised based on a 
quantiles categories summarized in Table 3. Results for sensitivity risks across the country and district 
municipalities are shown in Figure 8 and Figure 9. The green indicates the lowest risk, whereas the red 
represents the highest risk within a category. Notably, most of the indicators are affected by drought 
although the levels of risks as measured by different indicators vary across the district municipalities. 
In general, most of the South African district municipalities are under moderate sensitivity risk (0.25 < 
Indicator < 0.50) category, when measured using total population indicator. District municipalities in 
KwaZulu-Natal, the Free State and few in the North West and Northern Cape, particularly, are at the 
lower level of moderate sensitivity risk category. The Eastern Cape is the solely province notable at 
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high sensitivity risk category (0.50 < Indicator < 0.75). In terms of access to in-house piped water, the 
central, north-western and southern parts of the country are highly sensitive to drought conditions. 
When considering borehole as a water access indicator, a number of district municipalities are least 
sensitive to drought as they are under 0 < Indicator < 0.25 category. However, the uppermost of the 
northern parts, the eastern and some pockets in central are highly sensitive to drought. In terms of 
accessibility of dams, rivers and streams, there is least drought sensitivity in the Eastern Cape, and in 
some pocket’s areas in the northern regions. High drought sensitivity is detected in the south and 
central regions of the country.  

 

 

Figure 8. Sensitivity indicators and their impacts across the country. 
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Figure 9. Same as Figure 8 but showing different sensitivity indicators. 

 

Figure 10 depicts spatial distribution of the averaged sensitivity across the district municipalities. 
The averaged sensitivity risk ranges from a moderate sensitivity risk, illustrated in green, to a high level 
of sensitivity risk, shown in red. In particular, scores ranging between 0,39 and 0,49 are notably 
observed in most parts of KwaZulu-Natal, the North West and Mpumalanga provinces, indicating 
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moderate sensitivity risk. High sensitivity risk is observed in the Eastern Cape, parts of Limpopo, the 
central and southern regions of the country.  

 

 

Figure 10. Averaged sensitivity risk across the district municipalities. 

 

3.2.2. Exposure indices and derives characteristics 

The exposure determinant indicators were based on the projected DD and DS over the near future 
(NF) (2036 – 2065) and distant future (DF) (2066 – 2095) periods, computed from SPEI at 6-month 
accumulation time-step. The results are presented in Figure 11 and Figure 12 for the projected DD and 
Figure 13 and Figure 14 for DS under the RCP4.5 and RCP8.5 emission scenarios and across the 
timescales, respectively. As noted in the maps, the projected DD and DS exhibit localised and spatial 
variability across the timescales and emission scenarios. The risk of persistent and prolonged DD in the 
NF is high (shown in red) in most parts of the country under the RCP4.5 emission scenario and in the 
eastern, parts of the southern and towards the northern regions under the RCP8.5 emission scenario. 
Similarly, the central and southwestern regions indicate a high possibility of persistent and prolonged 
drought in the DF under the RCP4.5, and mostly the south-eastern and some pockets in the northern 
parts under RCP8.5 emission scenario.  

 
 As shown in Figure 13 and Figure 14, the projected DS sensitivity score ranges from 0,24 (0,23) in 

green, indicating low risk of drought becoming severe and 0,68 (0,69) in red, indicating a high risk of 
district municipalities experiencing severe drought over the NF (DF) period across both the RCP4.5 and 
RCP8.5 simulations. Undoubtedly, the results indicate that most of the South African district 
municipalities are likely to experience severe drought conditions in the NF period under the RCP4.5 
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simulations, whereas drought is expected to be less severe in the central parts of the country under 
the RCP8.5 simulations. Similar results are observed for the DF period, though there is a spatial shift in 
the projected severity of drought in specific district municipalities under both the RCP4.5 and RCP8.5 
simulations.  

 

 

Figure 11. Projected drought duration during the near future (2036 – 2065) and distant future (2066 – 20950 
under RCP4.5 emission scenario. 
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Figure 12. Same as Figure 11 but for RCP8.5 simulations. 
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Figure 13. Projected drought severity during the near future (2036 – 2065) and distant future (2066 – 2095 
under RCP4.5 simulations. 
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Figure 14. Same as Figure 13 but for RCP8.5 simulations. 
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3.2.3. Projected potential drought impacts 

Results for the spatial distribution of the potential drought impact (DI) during the NF and DF 
periods across the RCPs are shown in Figure 15. The projected DI ranges between 0.14 – 0.45 and 0.11 
– 0.35 during the NF and DF periods, under the RCP4.5 and RCP8.5 simulations, respectively, 
complementing the low (green) to moderate (red) impact category. Most district municipalities under 
RCP8.5 simulations during the NF period show low impacts to drought and climate changes. Only few 
district municipalities in the northern, eastern, and southern show moderate drought impacts under 
the same RCP simulations. While there is a slight decline in the potential DI over the DF period, the 
impact category remains within low to moderate level. Nonetheless, the spatial shift indicates areas 
that are expected to be densely impacted by drought in the DF period.   

 

Figure 15. Potential drought impact in the NF (2036 – 2065) and DF (2066 – 2095) under RCP4.5. 
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Figure 16. Same as Figure 15 but for RCP8.5 simulation. 
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3.3. Projected impacts of heat stress over South Africa 

As defined by the IPCC, sensitivity is the degree to which a system is affected, either adversely or 
beneficially, by climate-related stimuli [51]. In this heat stress assessment, demographic data, including 
(i) the percentage of the total population as well as (ii) the percentage of the elderly population over 
65 years old, and (iii) the percentage of children between the age group of (0-4) were taken into 
account. The heat stress assessment uses the same categories as the drought assessment, with green 
representing the lowest sensitivity risks and red indicating the highest. The sensitivity risks for the 
individual indicators for heat stress are depicted in Figure 17. In terms of the total population indicator, 
the Eastern Cape, the second largest province, experiences high sensitivity risk (0.5<indicator<0.75), in 
particular regions in the eastern coastal zone, where population density is reported to be four times 
higher than the average within the Sarah Baartman District Municipality [52]. Regions in the western 
and northern parts of the country are under moderate to low sensitivity risk. A large proportion of the 
elderly population and thus the sensitivity risk is high in district municipalities in the north-eastern part 
of KwaZulu Natal and Sekhukhune district municipality in Limpopo. 

 
Collectively, the three sensitivity indicators provide an integrated sensitivity risk index for South 

Africa. Overall, as depicted in the bottom panel of Figure 18, there is a wide variation in the sensitivity 
risks observed across the country, with most of the district municipalities experiencing moderate 
sensitivity risks (0.25<indicator<0.5). The Free State and Limpopo and the three Cape provinces 
(Eastern Cape, Northern Cape and Western Cape) exhibit relatively higher sensitivity risks as compared 
to Gauteng, North West, Mpumalanga and KwaZulu Natal provinces.  

 
Figure 19 shows the spatial pattern of integrated heat stress exposure risks based on HWD and 

HWMID. The heat stress exposure risks are high (0.5<indicator<0.75) and spatially extended. During 
the near future (2036 – 2065), under the 4.5 and 8.5 emission scenarios, the western and eastern parts 
are experiencing risks ranging between 0.15 and 0.57, with most district municipalities covering 
districts near the shore in the Western Cape province and parts of the north-eastern region of KwaZulu-
Natal Province. Compared to the RCP8.5, heat stress risks are mainly low to moderate, with greater 
pronouncement in the future (2066 – 2095), particularly in the interior regions and selected district 
municipalities in the Western Cape, KwaZulu-Natal, Mpumalanga and parts of Limpopo Province.  
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Figure 17: Heat stress sensitivity indicators and their impacts across the country. 
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Figure 18. Same as Figure 17 but for children between 0 – 4 years and combined sensitivity risk across the 
indicators. 
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Figure 19. Heat stress exposure risk across district municipalities under the RCP4.5 simulations. 
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Figure 20. Same as Figure 19 but for RCP8.5 simulations. 
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The regional distribution of heat stress potential impacts for the NF (2036 – 2065) and DF (2066 – 
2095) under the intermediate (RCP4.5) and very high (RCP8.5) emission scenarios are illustrated in 
Figure 21. Heat stress exposure impacts are high and widespread across the country for the DF under 
RCP8.5 with the exception of selected district municipalities in the North West and Limpopo provinces 
which demonstrate low exposure impacts. Moderate exposure risks are observed in selected regions 
across the country, particularly coastal regions. The spatial distribution of heat stress exposure impacts 
follows more or less the same pattern and intensity, with few districts in the Limpopo Province 
experiencing relatively higher exposure risk for RCP4.5 under NF period. By comparison with the rest 
of the country, the north-western region, and parts of Limpopo exhibit low exposure risk (0 < Indicator 
< 0.25), with the Northern Cape Province mainly to experience moderate exposure risk 
(0.25<indicator<0.5) in the future under the intermediate emission scenario.  

 

 

Figure 21. Projected heat stress potential impact during the near-future (top) and distant-future (bottom) 
under RCP4.5. 
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Figure 22. Same as Figure 21 but for RCP8.5 simulations. 
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4. Discussion 

In this chapter, we have assessed projected climate change impacts on climate-sensitive, 
particularly the water-linked sectors, in 52 South African district municipalities by analysing the 
potential spatial-temporal characteristics of drought and heat stress over two projected periods 
defined as the NF (2036 – 2065) and DF (2066 – 2095). Both drought and heat stress potential impacts 
were assessed through selected exposure and sensitivity determinant metrics. While the sensitivity 
indicators mostly included water sources and demographic related information, the exposure 
considered metrics relating to climate change extremes such as drought duration and severity as well 
as heat wave duration and magnitude. It is worth to mention that while both the selected sensitivity 
and exposure metric measures are not exhaustive due to the unavailability of data, the results provide 
a general view of projected drought and heat stress potential impacts in South Africa over the two 
future timescales. Consequently, the results presented in this chapter can be considered as the 
cornerstone for building a body of empirical evidence and knowledge on issues pertaining to climate 
change impacts on water-linked sectors. Moreover, the results form the basis for policy and decision-
making in support of preparedness for and adaptation to climate change across the most vulnerable 
district municipalities of South Africa.  

 
The general overview of the present results is that climate change will continue to have significant 

impacts during both the NF and DF projected periods. As indicated in Figure 8, all sources of water 
depict, to some extent, moderate to high sensitivity risk to drought conditions across most district 
municipalities. The spatial distribution of both DD and DS indicators depicts localised variability across 
the RCPs, districts, and projected timescales (Figure 11 and Figure 13, respectively). Most of the district 
municipalities are expected to be highly exposed to prolonged DD during both the NF and DF projected 
periods. In terms of projected drought potential impacts, most district municipalities are anticipated 
to experience moderate drought impacts during the projected timescales. While the results across the 
exposure and potential impacts depict contrasts in spatial distribution under the two RCP emission 
scenarios, they seem to follow a similar pattern. The observed spatial contrasts and variability could 
be attributed to uncertainty and general changes in precipitation projections [9]. There is evidence 
that rainfall in South Africa exhibits year-to-year and inter-annual variability [53]. In terms of climate 
projections, models have projected a decreased rainfall by 2050, particularly during the growing 
season, because of reductions in soil moisture and runoff [9].  

 
The results presented in this chapter generally support the spatial distribution of drought 

propagation periods (Figure 23), which delineates South Africa into four main transition timescales, 
which are, the shorter periods covering 1 – 3 months; intermediate covering 4 – 6 months; longer, 
between 7 – 12 months; and extended timescales which go beyond 12 months [54]. In this case, the 
central, eastern, and partly southern regions are characterized by short-to-intermediate drought 
transition periods. Aridity, higher temperatures, catchment properties, aquifer depth, the presence of 
lakes and wetlands, soil types, land cover/use, and climate change signals are some of the attributes 
contributing to the variation of drought transition periods across regions [55,56]. Consequently, water 
in the affected district municipalities is likely to be lost much quicker, either into the soil or through 
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evapotranspiration processes. Most of the regions exhibiting short to intermediate drought 
propagation periods are projected to experience prolonged drought duration and upper level of 
moderate drought potential impacts category. Furthermore, areas depicting delayed or extended 
drought propagation periods, which could be attributed to seasonal rainfall or existence of dams, and 
aquifers are projected to experience shorter drought duration and low drought potential impacts.  

 
 

 

Figure 23. Drought transition periods, from meteorological to hydrological [54]. 

 
The results presented in this chapter demonstrate that climate change is apparent and has 

manifested across South African district municipalities, mostly in the form of drought. Drought has 
been persistent in most parts of South Africa, predominantly in the south-eastern, the central and 
partly in the northern regions of the country. In this study, the results of the drought impacts analysis 
have identified drought-prone areas across different district municipalities. These results agree with 
previously reported studies on drought in various regions of the country (e.g., [29,58-62], and 
references therein). Persistent and prolonged drought has caused significant impacts on key water-
linked sectors, such as agriculture, energy, and tourism, as well as manufacturing and production 
industries, which sustain socioeconomic development in these affected regions. The Western and 
Eastern Cape provinces are some of the provinces that have been previously declared drought 
disasters areas, having been significantly affected by drought events that resulted in a decline of water 
levels (reaching the lowest of approximately 30% full storage capacity) in key water supplying dams. 
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Such events left the most vulnerable communities with great uncertainty of facing the famously so-
called “day zero” state. The present results suggest that these drought-prone areas will continue to 
experience persistent drought conditions in both the near and distant projected periods. 

  
A plethora of studies have shown that the impacts of extreme heat exposure on vulnerable 

populations are already being felt and will worsen as the earth’s climate continues to warm. As 
captured in the newly released Sixth Assessment Report of Working Group I of the IPCC (AR6), global 
temperatures are anticipated to rise by 1.5°C or more over the next two decades and will be 
accompanied by extreme heat, heatwave events and record-breaking temperatures that will be more 
frequent, severe, and prolonged [63]. As widely documented, the warming in South Africa is said to be 
1.5 higher than the global annual mean [64,65], and as predicted by climate models, this trend will 
continue. The results from this book chapter which are consistent with the expanding body of research 
in South Africa on temperature and heat exposure [66-68], revealed a marked increase in heat 
exposure in the coming decades in most district municipalities across South Africa. These findings are 
supported by local studies that have revealed greater warming in the Northern Cape Province, as well 
as selected regions over Gauteng, Limpopo, and KwaZulu-East Natal’s Coast [69], including the western 
half, as well as the parts of the north-east and east of South Africa [19]. Adding to these previous 
findings are regions in the central interior of the country that will also experience increased heat 
exposure. Undoubtedly, heat is an immediate climate hazard to many vulnerable communities in South 
Africa, and climate change will further the trends of excessive exposure in the future as well as related 
medical conditions. As well captured in literature, the elderly, children, the chronically ill, socially 
isolated, and at-risk occupational groups are particularly vulnerable.  

 
The general consensus in the scientific research community alludes to the undeniable fact that the 

climate is changing at an alarming rate. The likelihood of future climate change impacting on water-
linked sectors has been noted in the current climate impact studies. There is no doubt that drought 
and other hazards, such as heatwaves, will continue to be the most dominant climate risks in South 
Africa, although the degree of the impact will be localised. As alluded by various research scholars, 
these climate risks have far-reaching effects on agriculture, human health, energy, urban 
development, and many other water-linked sectors. In addition, frequent occurrence of drought and 
heatwaves, coupled with changes in other climate factors, are likely to exacerbate existing non-climate 
stressors such as deforestation, migration, and population growth, and put development goals such as 
the economic growth, poverty, and access to education, among others, at risk.   

 
In order to alleviate future impacts of drought and extreme heat and protect the most vulnerable 

communities, there is a need to develop and implement robust and innovative solutions to respond to 
climate change challenges, including adaptation strategies and mitigation measures at district 
municipality level [70,71]. Frameworks and adaptation measures relating to climate change response 
should include a holistic suite of measures guided by climate projections, development goals, and 
inclusion of non-climatic stressors as well as supported by local policy initiatives, including education 
and awareness that will involve various stakeholders across the government and private sectors. The 
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existing climate-related frameworks address various climate change themes such as climate change 
impacts, climate risks and vulnerabilities, climate resilience, climate change adaptation and mitigation, 
climate change response, as well as climate and non-climate drivers ought to be conceptualised and 
implemented at various district municipalities to support water resource management and planning 
as well as climate-related decision-making and policies.  

 
Examples of developed and tested climate-related frameworks include the IPCC [2] framework, 

which focuses on the anthropogenic causes and impacts of climate change. The framework considers 
four components, namely (i) climate change characterised by temperature, precipitation, and the 
occurrence of extreme events, (ii) climate change impacts and vulnerability, (iii) socio-economic 
developments and (iv) climate process drivers (including greenhouse gas emissions). The framework 
also recognises climate change as the key component in mitigating and adapting to it. Other 
frameworks include the climate change risk assessment conceptualised on the premise of the need to 
understand various mechanisms through which climate change creates risks for society [72]; climate-
resilient developmental framework to support climate-related policies [73]; water security and 
climate-resilient developmental framework [74] and framework for cross-border climate change 
impacts formulated by [75]. Due to localised variation of the observed degree of projected drought 
and heat stress impacts (attributed to various factors including both climatic and non-climatic drivers), 
different frameworks can be implemented to different district municipalities.  

 
The results presented in this study also call for both medium- and long-term sustainable 

developments that integrate adaptation strategies to minimize inherent impacts of changing climate 
on water-linked sectors, as well as to adapt and build resilience within the poor and most susceptible 
communities. Adaptation to climate change and its inherent impacts on the water sector can be 
facilitated through several water-management adaptation options by integrating various factors such 
as changes in hydrological variables and regimes, water demand and supply, water conservation, 
operation and maintenance of water infrastructure, water pricing, use of wastewater and water 
transfer, as well as water management policies [76-78]. Subsequently, it is imperative to identify the 
best water resources management and heat-related strategies to attain sustainability in water 
management and cope with future drought and heat extremes within the district municipalities. 

 
5. Conclusions 

In this study, drought and heat stress potential impacts in 52 district municipalities of South Africa 
during the periods 2036 – 2065 and 2066 – 2095 were assessed using a set of selected exposure and 
sensitivity determinant indicators collected from the study sites and derived from CORDEX ensemble 
model data, respectively. Based on drought analysis, moderate but at higher level, drought potential 
impacts are expected in most district municipalities situated in the upper north, interior and south-
eastern parts of the country. On the basis of the heat stress analysis, majority of district municipalities 
in the southern parts of the country are likely to experience moderate to high heat stress potential 
impacts. During this study there has been challenges in accessing some of social and environmental 
data, which hindered comprehensive analysis of climate change impacts on water-linked sectors, 
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including agriculture and energy, at national level. Nonetheless, the findings of this study can be 
considered as the cornerstone, particularly in building a body of empirical evidence and knowledge on 
issues pertaining to climate change impacts on water-linked sectors. Moreover, the results from the 
basis for policy and decision-making in support of preparedness for and adaptation to climate change, 
including planning and management of water resources across most vulnerable district municipalities 
of South Africa. 
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Abstract  

Understanding the potential impacts of global warming on water resources at basin scale is crucial for planning effective climate 

change adaptation strategies, especially in a water-limited country like South Africa. In this chapter, we assess the potential 

impacts of global warming over four river basins and show how such impacts could influence water availability and drought 

frequency. The river basins studied are the Vaal River Basin (VRB), the Limpopo River Basin (LRB), the Inkomati River Basin (IRB), 

and the Western Cape River Basin (WRB). Using climate projection datasets as forcing, we simulate the hydrology of these four 

basins under the RCP8.5 future climate scenario, then study the climate change impacts at four global warming levels (GWLs 1.5, 

2.0, 2.5 and 3.0oC). Seven indices were used to characterise the hydroclimatic droughts. Our results show that global warming 

would induce an increase in temperature and a decrease in rainfall over the basins in the future. Among these four basins, LRB is 

projected to experience the most pronounced warming, while WRB is indicated to receive the most severe drying. The warming 

would increase the atmospheric evaporative demand over the basins, with a commeasurable increase in evaporation over 

streams, but not over land, because the decreased rainfall thwarts an increase in evapotranspiration. A decrease in soil moisture 

(20% - 30%), runoff (20% - 30%), and streamflow (37% - 69%), with an increase in the frequency of all the hydroclimatic droughts, 

are projected over all four basins. The results emphasise the need for more concerted and strategic efforts towards mitigating the 

impacts of global warming on water resources and droughts in South Africa. 

 

Keywords: River basin; climate change; droughts; hydrology; CORDEX; SWAT+ 
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1. Introduction 

Global warming (or climate change) is one of the major challenges of the 21st century. The impacts of 

global warming have been identified to include long-term trends in climate variables and extreme events at 

global, regional, and local scales [1-3]. Among the identified impacts, those related to regional water 

availability and climate extreme events are usually more devastating because of their implications for socio-

economic activities. Since the vulnerability of these impacts varies across the regions of the world, there is 

a need for a better understanding of how the impacts can affect water resources in developing countries 

such as South Africa. 

The impacts of global warming on water resources are expected to be particularly severe in South Africa 

for three main reasons. Firstly, most socio-economic activities in South Africa depend on river basins, which 

provide freshwater to support activities such as agriculture, fisheries, livestock, forest products, mining, 

industry, power generation, and tourism. Through the storage of water in dams, the basins also support 

urban services and accommodate a range of water-based leisure activities, such as swimming, boating, water 

skiing, and yachting. They also provide fertile soil for cultivating a variety of crops [4]. However, the ongoing 

rapid urbanisation and population growth could escalate water demand from these river basins in the future. 

Secondly, South Africa is a water-stressed country due to its semi-arid to arid climate, which is characterised 

by low rainfall and high evaporation rates [5]. The country’s average annual rainfall (<500 mm) is lower than 

the global average annual rainfall (860 mm) [5]. Less than 9% of the annual rainfall ends up in rivers, and 

only about 5% recharges the groundwater in aquifers [6]. Rainfall and river flow are unevenly distributed 

across the country, with only 12% of the land area generating 50% of the streamflow. Thirdly, South Africa’s 

rainfall is highly variable in both time and space. Such rainfall variability usually results in extended severe 

droughts across the country. Meanwhile, there are indications that global warming is likely to amplify the 

atmospheric evaporative demand. This could trigger more droughts, as well as make droughts more intense 

and longer lasting. Hence, the water resource decision-makers in South Africa are confronted with complex 

problems of understanding the future impacts of global warming on freshwater availability in the country’s 

river basins. While some studies have investigated the impacts of global warming over major river basins in 

South Africa (e.g., [7, 8]), their focus has been on climate variables and meteorological droughts. 

The aim of this chapter is to examine the future impacts of global warming on water availability and on 

the frequency of hydroclimatic drought over four river basins in South Africa. The chapter is thus organised 

as follows: Section 2 describes the characteristics of the selected basins, the climate dataset used for the 

future projections, the hydrological model adopted for this study, the hydrological simulation set-up and the 

characterisation of hydroclimatic droughts. Section 3 presents the results and the discussion, while Section 

4 provides concluding remarks. 
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2. Materials and methods 

2.1. Study domain 
Four major river basins in South Africa were used as our study domain. They are the Vaal River Basin 

(VRB), the Limpopo River Basin (LRB), the Inkomati River Basin (IRB), and the Western Cape River Basin (WRB) 

(Figure 1). These river basins were selected because of their economic importance for the country and 

because of their vulnerability to severe droughts.  

 

Figure 1. Map of Southern Africa, showing the location of the selected river basins for the study, namely: Vaal (Vaal 

River Basin; VRB), Limpopo (Limpopo River Basin; LRB), Inkomati (Inkomati River Basin; IRB), and Olifants, Gouritz, 

Breede and Berg (Western Cape River Basin; WRB). 

 

The VRB (26o – 30oS, 23.5o – 30oE) is perceived to be the most ‘hardworking’ river basin in South Africa 

[9, 10] because it is the heartbeat of many socio-economic activities in the country. It accounts for more 

than 24% of the country’s gross domestic product (GDP) and serves more than 45% of the nation’s 

population [11,12]. The Vaal River flows westward from its source in Mpumalanga Province (26.5° S, 30.0° 

E) to join the Orange River near Douglas (29.1o S, 23.8o E). The Vaal River is about 1,300 km long and the VRB 

covers an area of about 196,000 km2. The major dams along the Vaal River include the Vaal Dam (2,200 

million m3 at 26.9° S, 28.1° E) and the Bloemhof Dam (1,200 million m3 at 27.7° S, 25.7° E). The climate of the 

basin is a subtropical dry savanna with the mean annual evaporation (about 1,300 mm) exceeding the annual 
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precipitation (about 600 mm) [13]. The precipitation varies from about 1,000 mm in the east to about 300 

mm in the west [14]. Its annual mean temperature is about 15°C, ranging from 10°C in July to 23°C in January 

(Figure 2). The dominant land cover in the basin is grassland (54%), cropland/grassland mosaic (29.3%), and 

cropland (18%) with a trace of savanna (3.4%) (Figure 3). The predominant land use is agriculture, of which 

dry-land commercial cultivation is the most important. Although the Vaal River is the most developed and 

most regulated river in South Africa, hydrological drought poses a big challenge to water resource 

management in the VRB.  

 

Figure 2. The annual cycle of mean temperature and precipitation over the selected river basins (VRB, LRB, IRB and 

WRB) as depicted by GMFD and CORDEX datasets. 

The LRB (25° – 35°E, 19° – 27°S) is one of the most economically important river basins in Southern 

Africa, where it sustains about 18.8 million people and supports the economy of four adjoining riparian 

countries (South Africa, Botswana, Mozambique, and Zimbabwe) [15, 16]. It also contributes to the economy 

of the entire Southern African Development Community (SADC) region by supporting a wide range of socio-

economic activities, such as mining, industry, agriculture, and tourism. The basin drains an area of 

approximately 415,000 km2, and the river itself extends more than 1,750 km in length (Figure. 1). The climate 

of the LRB varies considerably, ranging from predominantly arid in the west to semi-arid and temperate in 

the central zones, to tropical rainy conditions along the coastal plain of Mozambique, and tropical dry 

savannah towards the Indian Ocean [17]. Rainfall over the basin is largely influenced by the movement of 

the InterTropical Convergence Zone (ITCZ), which gives rise to two distinct rainfall seasons. These include a 

warm wet season during the summer (December – February) and a cold dry season during winter (June – 

August). The mean temperature over the basin ranges from 16°C in July to 26°C in summer (Figure 2), and 
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evaporation is about 1,970 mm/year on average, ranging from 800 to 2,400 mm/year [18]. However, drought 

poses a big threat to water availability in the LRB. 
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Figure 3. Characteristics of the selected river basins (VRB, LRB, IRB and WRB) as seen by SWAT+. From left, first 

column: the topography of the region (i.e., DEM), streams, and location of streamflow observation stations; second 

column: the SWAT+ delineation of the basin to sub-basins and channels; third column: soil types; and last column: 

LULC types. The land-use types are urban residential medium density (URMD), cropland/dryland and pasture (CRDY), 

cropland/grassland mosaic (CRGR), cropland/woodland mosaic (CRWO), grassland (GRAS or GRSL), shrubland (SHRB), 

savanna (SAVA), forest – deciduous broadleaf (FODB), forest – evergreen broadleaf (FOEB), forest – mixed (FOMI), 

water (WATR), bare ground, sparsely vegetated (BSVG). The percentage of each LULC type is indicated in brackets.

The IRB (24oS - 26oS; 29o - 33oE) plays a fundamental role in the economies of the adjoining riparian 

countries (i.e., South Africa, Mozambique and Swaziland). It contributes more than 1.3% of South Africa’s 

GDP [12]. Its largest economic contributions are to the agriculture and forestry departments. The river flows 

from the south-western part of the basin, across the western mountains and the plateau of Mpumalanga 



 

 

52 
 

province, continuing its flow across Swaziland and the Great Escarpment, before it rapidly descends north 

through the midlevel and the lowveld, and into Mozambique [19, 20]. The mean annual temperature of the 

IRB is about 17°C, with its hottest mean temperature of 24°C occurring in January and the coldest 

temperature averaging 18°C during the month of June (Figure 2). It experiences summer rainfall between 

October and March. Rainfall reaches annual averages of approximately 740 mm with approximately 1,900 

mm potential evaporation annually [21, 22]. Nevertheless, the IRB experiences large precipitation variation, 

which often leads to hydrological extremes, such as flooding and drought. 

The WRB (30° S – 35° S; 17° E – 25° E) supports various economic activities in the province, including 

manufacturing, construction, mining, and agriculture. The WRB consists of four river systems (Figure 1): the 

Breede (12,348 km2), Berg (7,715 km2), Gouritz (45,715 km2) and Olifants (46,220 km2). All of these are rich 

in biodiversity and have high ecological importance. Six major dams within this basin form part of the 

Western Cape Water Supply System (WCWSS). The climate conditions across the region are temperate 

Mediterranean, with warm dry summers and mild moist winters. The average temperature is about 13°C in 

winter and 22°C in summer (Figure 2). The Western Cape is one of South Africa’s driest regions, receiving 

only ~350 mm of rain annually, well below the national annual average of ~500 mm [5]. Much of the rainfall 

occurs during the austral winter months (extending from about May to September), and is typically received 

from cold fronts and associated extratropical cyclones, or occasional westerly disturbances, such as cut-off 

lows. Rainfall is, however, highly heterogeneous and varies considerably, from semi-arid areas to relatively 

wet areas on the windward slopes of mountains [23].  

2.2. Data 

We use the Geographical Information System (GIS), climate, and hydrological datasets in this study. The 

GIS datasets, which include the digital elevation model (DEM), land use/land cover (LULC), and soil type 

datasets over the four river basins, were used to set up the hydrological model over the basins (Figure 3). 

The DEM (90 m spatial resolution) dataset was obtained from the Consultative Group of International 

Agricultural Research [24, 25], and the land cover/land information maps (400 m resolution) were acquired 

from the United States Geological Survey Global Land Cover Characterization [26], while the soil information 

maps (at a scale of 1:5 000 000) were obtained from the FAO-UNESCO Digital Soil Map of the World [27]. 

The climate datasets include the Global Meteorological Forcing Dataset (GMFD; version 3.0; Sheffield et al., 

2006) and the Coordinated Regional Downscaling Experiment (CORDEX, [28]).  

The GMFD is a climate reanalysis dataset developed by the Terrestrial Hydrology Research Group of 

Princeton University for global land surface modelling at 1.0° high spatial resolution and a 3-hourly time step 

between 1948 and 2000 [29]. This dataset is often used as an observational climate dataset in place of poor-

quality observation datasets in large watershed areas. The GMFD datasets comprise six climate variables 

(maximum temperature, minimum temperature, precipitation, solar radiation, relative humidity, and wind 

speed). The datasets were used for forcing hydrological simulations during calibration and validation periods, 
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and for the bias correction and evaluation of the climate CORDEX dataset. The CORDEX dataset is a database 

established by the World Climate Research Program (WCRP) to produce regional climate simulations 

worldwide [28]. Seven RCA ensemble simulations (i.e., RCA_CCCma, RCA_CNRM, RCA_MIROC, RCA_MPI, 

RCA_NCC, RCA_IPSL and RCA_CSIRO; [30] at 50 km resolution were extracted from the CORDEX dataset. The 

simulation dataset has been bias-corrected over the basins to remove systematic errors [30, 31]. The bias-

corrected CORDEX dataset was used to force all the hydroclimatic simulations under the Representative 

Concentration Pathway (RCP) 8.5, which represents the current high greenhouse gas emission trajectories 

that have led to the highest concentration levels (~1370 ppm CO2) by the end of the 21st century [32]. The 

hydrological datasets were generated with a hydrological model. 

2.3. Hydrological model and simulations 

The hydrological model used in this study is SWAT+, a revised version of the SWAT (Soil and Water 

Assessment Tool) model [33]. The SWAT model is a spatially distributed, continuous-time and process-based 

hydrological model, well-known for its successful scientific application in hydrological simulations over 

complex watersheds [34]. The model was developed by the United States Department of Agriculture – 

Agricultural Research Service (USDA-ARS) in the early 1990s [35,36]. The model comprises several 

components, including weather, hydrology, soil temperature and properties, plant growth, nutrients, 

pesticides, bacteria and pathogens, and land management [36]. The hydrological processes in the SWAT 

simulations are done at watershed level, which is first divided into sub-basins and then into Hydrological 

Response Units (HRUs). The HRUs comprise a combination of unique soil, land use and slope properties that 

can be grouped into files for each sub-basin, and that are scaled to cover the whole respective sub-basin. 

The development of SWAT+ from SWAT addressed some limitations that existed in the SWAT model. Hence, 

SWAT+ is more efficient, advanced, and flexible than SWAT due to its independent module construction for 

easier development and maintenance as well as manual calibration. A more detailed description of SWAT 

and SWAT+ models can be found in [33]. The SWAT+ hydrological model has been calibrated and evaluated 

over the four South African basins studied herein [30, 31]. 

Over each basin, we applied the calibrated SWAT+ model to perform hydrological simulations for past 

and future climates (1970 – 2099, after a 5-year spin-up period), using the bias-corrected CORDEX data 

(seven-member ensemble) as the climate forcing. The characteristics of the basins, as seen by SWAT+ model 

in the simulation, are shown (Figure 2). To investigate the impact of climate change under a global warming 

level (GWLs: 1.5, 2.0, 2.5 or 3.0°C), the simulations for the present-day climate period (1971 – 2000) were 

subtracted from those for the GWL climate period. In accordance with [37], the GWL climate periods were 

defined as a 30-year period in which the climatology of the global mean temperature is higher than that of 

the preindustrial baseline period (1861 – 1890) by the targeted global warming value (e.g., 1.5, 2.0, 2.5 or 

3.0°C). 



 

 

54 
 

2.4. Characterisation of hydroclimatic droughts 

Seven standardised drought indices were used to characterise droughts in this study (Table 1). Two of 

the indices (SPI and SPEI) characterise meteorological droughts, while the remaining indices (SWI, PERCI, RFI, 

WYLDI, and SFI) characterise various hydrological droughts. The use of standardised indices has become 

increasingly popular in drought assessment since the introduction of the SPI by [38]. A major advantage of 

standardised indices is their comparability across time, space, and variables. The SPI is formulated by fitting 

long-term precipitation (P) records to a gamma probability density function, which is transformed to a 

normal distribution. The transformed probability gives the SPI values, which mainly vary from -2 to 2 [38]. 

Details of the equation formulation and the calculation for the drought index are specified in previous studies 

[38,39]. Like SPI, SPEI is a probability-based function calculated using climatic water balance data 

(precipitation minus potential evaporation) instead of precipitation data [40]. The advantage of using SPEI is 

the inclusion of the potential evaporation (PET), which has been shown to play a crucial role in drought 

severity [41, 42]. In this study, PET was obtained using the Hargreaves method (HG) [43]. All the hydrological 

drought indices (SWI, PERCI, RFI, WYLDI, and SFI) were calculated following the same procedure as for SPI, 

but using different hydrological variables (soil water, percolation, runoff, water yield and streamflow), 

instead of precipitation, as the input data. We employed the SPI and SPEI algorithm in R software 

(https://cran.r-project.org/web/packages/SPEI/SPEI.pdf) to calculate the two indices at a 12-month 

timescale over the study domain and averaged over each basin (Figure 1). The focus of this study is on the 

number of months with droughts that attain at least a moderate drought category (i.e., the drought index < 

-1.0). 

Table 1. Description of drought indices used in the study 

Drought Indices Descriptions 

SPI Standardised Precipitation Index, calculated using precipitation data 

SPEI Standardised Precipitation Evapotranspiration Index, calculated using climate 
water balance (precipitation minus potential evapotranspiration) data 

SWI Standardised Soil Water Index, calculated using soil water data 

PERCI,  Standardised Percolation Index, calculated using percolation water data 

RFI Standardised Runoff Index, calculated using runoff data water data 

WYLDI Standardised Water Yield Index, calculated using water yield data 

SFI Standardised Streamflow Index, calculated using Streamflow data 

 

3. Results and discussion 

In this section, we present and discuss the results of our analysis on the potential impacts of global 

warming over four South African river basins. We start by showing how global warming could alter the local 
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climate over each basin, then indicate how such alteration would influence the atmospheric evaporative 

demand and the actual evaporation (or evapotranspiration), and then consider the consequences on surface 

water availability. Finally, we show the response of hydroclimatic droughts over the basins to global 

warming. 

3.1. Projected changes in local climate over the basins 

Figures 4 to 6 show that global warming alters the local climate over the four basins. In response to the 

warming, the local temperature of the basins increases linearly. The temperature increase is most evident 

over the LRB and the VRB (about 3oC at GWL3.0) and the least pronounced over the WRB (2.5oC at GWL3.0), 

probably because the influence of the cold Atlantic Ocean lowers the warming rate over the WRB. Despite 

the strong influence of each basin’s topography on the spatial distribution of climatological temperature, 

the spatial distribution of the projected temperature increase is constant over each basin at all the GWLs 

(Figures 3 and 5). This suggests a weak topographical feedback on the temperature projections over each 

basin. The response of precipitation to global warming is more complex than that of temperature in several 

ways. Firstly, the direction of changes in the precipitation projection differs across the basins. While a linear 

precipitation decrease is projected over the WRB, no discernible trend is indicated over the VRB. However, 

all the basins feature a decrease in precipitation at GWL3.0, with the largest decrease occurring over the 

WRB (about 13%) and the lowest over the VRB (about 2%). Secondly, in most cases, not all the models agree 

on the precipitation projection. For example, at GWL3.0, while all simulations agree on the decreased 

precipitation over the WRB, less than 75% of them agree on it over the VRB (Figure 4). Thirdly, over each 

basin, the spatial distribution of precipitation change is strongly influenced by the basin’s topography, and 

the direction of the influence varies across the basins. For instance, at GWL3.0, over the VRB, a decrease in 

precipitation (> 4mm month-1) is projected over the mountain ranges, but an increase (< 2mm month-1) is 

indicated over the lowlands.  

Over other basins (LRB, IRB, and WRB), a decrease in precipitation is projected across the whole basin, 

but while the maximum decrease occurs over the mountain ranges in the IRB and the WRB, it occurs over 

the lowlands in the LRB. Fourthly, the spatial pattern of precipitation projections also varies across the GWLs. 

For example, over the VRB, the north-east mountain range is projected to experience increased precipitation 

(> 2mm month-1) at GWL1.5 but decreased precipitation (-2 mm month-1) at GWL3.0. However, despite the 

complexity in the precipitation projections, all the basins indicate that, as the GWLs grow, the area of 

increased precipitation shrinks, while the area of decreased precipitation expands. Hence, it can be deduced 

that global warming would impose a warmer and drier climate over all four basins. 
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Figure 4. Projected changes in hydroclimatic variables over the selected river basins (VRB, LRB, IRB and WRB) at 

various global warming levels (GWL1.5, GWL2.0, GWL2.5, and GWL3.0). The temperature changes are in °C while the 

changes in other variables are in %. The boxplots indicate the minimum, 1st quadrant, median, 3rd quadrant, and 

maximum of the simulation ensemble, while the dots show the mean. 

 

These results are consistent with those reported in previous studies over the basins [14,44,45]. In 

particular, [13] and [14] projected a 5°C decrease in temperature and 30% decrease in precipitation over the 

VRB during the period 2071 – 2100 under the RCP8.5 scenario. On the other hand, [44] found a temperature 

increase of about 2.5°C at GWL2.0 over parts of Southern Africa, but with a maximum increase over Namibia 

and Botswana. They also found a robust decrease in precipitation of 10% – 20% over the LRB at GWL1.5 and 

GWL2.0 over the LRB and the WRB. [45] projected an increase of about 4°C in temperature and 30% 

reduction in precipitation over the Olifants catchment of the LRB. [46] found no noticeable change in 

precipitation over the Western Cape during the period 2081 – 2100 under the RCP2.6 and the RCP4.5 

scenarios but found a decrease in precipitation over the region during the period under the RCP 8.5 scenario 

that has been considered in the present study. Nevertheless, the projections in the present study show that, 

among the four basins (VLB, LRB, IRB and WRB), the LRB may experience the highest temperature increase, 

while the WRB may experience the highest rainfall decrease in the future. 
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Figure 5. Spatial distribution of the annual temperature (1971 – 2000) and the projected changes over the selected 

river basins at various global warming levels. 

 

Figure 6: Same as Figure 5, but for precipitation. 
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3.2. Impacts on atmospheric evaporative demand and evaporation 

The projected warmer and drier local climate influences the atmospheric evaporative demand and 

evaporation over the basins (Figures 4, 7, 8 and 9). The warming fosters a linear increase in atmospheric 

evaporative demand (PET) over all the basins, and the spatial distribution of the increase is consistent with 

that of the temperature increase. The strong link between PET and temperature changes is because, as 

atmospheric temperature increases, the capacity of the atmosphere to contain water vapour also increases, 

causing PET to increase. Nevertheless, Figure 4 shows that the response of actual evaporation to the 

increased PET differs over water surfaces (i.e., stream evaporation) and land surfaces (i.e., actual 

evapotranspiration, AET). Consistently with the enhanced PET, the stream evaporation increases linearly 

over the four basins, featuring the maximum increase over the VRB and the minimum increase over the 

WRB. In contrast to the strong linear increase in PET, a weak increase in AET (< 10%) is projected over the 

VRB (at all the GWLs) and a strong linear decrease is indicated over the other basins (LRB, IRB and WRB). The 

inconsistency between the responses of stream evaporation and AET to the enhanced PET is because, while 

the continuous availability of stream water sustains the linear increase in stream evaporation, the 

insufficient soil water hinders the increase in AET. Although AET depends on PET, it also depends on soil 

water availability, which is strongly influenced by the precipitation changes. So, a decrease in precipitation 

will reduce soil water availability and limit the response of AET to the enhanced PET. The weak increase in 

AET over the VRB is consistent with the weak increase in precipitation over the basin (especially at GWL1.5 

to GWL2.5), while the strong linear decrease of the AET over the WRB can be attributed to the strong 

precipitation decrease over the basin. Hence, the response of AET to the enhanced PET is more complex 

than the response to stream evaporation. 
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Figure 7. Same as Figure 5, but for potential evapotranspiration. 
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Figure 8. Same as Figure 5, but for stream evaporation. 

The spatial distribution of AET changes over each basin is also more complex than the spatial distribution 
of the stream evaporation changes. For example, over the VRB, an increase in stream evaporation occurs 
over all the streams in the basin (Figure 8); but while an increase in AET is projected over one part of the 
basin, a decrease is indicated over the other parts (Figure 9). In general, the spatial distribution of the AET 
changes can also be explained by the spatial distribution of the precipitation changes, but there are areas 
where the direction of the changes in AET deviates from that of the precipitation changes. For instance, in 
the VRB basin, despite the projected decrease in precipitation over the north-eastern mountain range, an 
increase in AET is projected over the area; this increase occurs at the expense of the residual soil moisture 
(Figure 10). Nevertheless, a consistent finding across all four basins is that, as GWLs increase, the fraction of 
the basin that experiences increased AET reduces, while the fraction that experiences decreased AET 
expands. Hence, the projected warmer and drier local climate would enhance PET and stream evaporation, 
but decrease AET in the future. These results concur with those of previous studies on the impacts of global 
warming on PET and AET over southern Africa [47,48]. [48] also projected an increase in PET over the IRB. 
The future projections of [47] over Southern Africa feature an increase in AET over the areas of increased 
precipitation and a decrease in AET over the areas of decreased precipitation. However, the results of the 
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present study show that the enhanced PET fosters a linear increase in stream evaporation, despite the 
decrease in precipitation. 

 

Figure 9. Same as Figure 5, but for evapotranspiration. 

3.3. Impacts on water availability in the basin 

The projected decrease in precipitation together with the increase in atmospheric evaporative demand 

induce a decrease in all the hydrological variables (i.e., soil water, water yield, runoff and streamflow) over 

all the basins (Figures 4, 10, 11, and 12). However, the magnitude of the decrease, which grows with higher 

GWLs, varies across the basins. The robustness of the projection (i.e., the agreement among the simulations 

on the projections) also varies across the basins. The largest decrease and the most robust projection occur 

over the WRB, where all the simulations agree on the decrease, and the simulation ensemble mean indicates 

a 30% decrease in soil water, runoff and water yield at GWL3.0. The spatial distribution of the changes shows 

that, although there are cases of local increase in some hydrological variables (e.g., increased streamflow up 

to 20 m3 s-1 over the eastern part of the LRB), a decrease in hydrological variables dominates all the basins. 

At GWL3.0, the maximum decrease in soil water and runoff occurs over the mountain ranges in the VRB, IRB 

and WRB, but over the lowlands in the LRB. This pattern is consistent with the spatial distribution of 



 

 

62 
 

precipitation over the basins. The maximum decrease in soil water is up to 15 mm (17%) in the VRB, 12 mm 

(30%) in the LRB, 15 mm (21%) in the IRB, and 15 mm (17%) in the WRB (Figure 4). The maximum decrease 

in streamflow occurs toward the mouth of the rivers due to the combined effects of the decrease in runoff 

and decrease in streamflow (further upstream). The maximum decrease is up to 65 m3 s-1 (69%) in the VRB, 

56 m3 s-1 (44%) in the LRB, 29 m3 s-1 (37%) and 16 m3 s-1 (57%) in the WRB (Figure 12). Projected changes in 

the spatial distribution of 90th and 10th percentiles of the streamflow are shown in Appendix A. 

 

Figure 10. Same as Figure 5, but for soil water. 

These results agree with those of previous studies that projected a reduction in water availability over 

southern Africa (i.e., [46,48,49]. For example, [47] projected a decrease in soil moisture over the whole of 

South Africa. [14] projected an 8% and 10% reduction in streamflow over the VRB during the period 2071 –

2100 under the RCP 4.5 and RCP 8.5, respectively. Similarly, [50] projected a decline in streamflow over the 

LRB in both the near and the distant future under RCP8.5. [49] projected a 14-26% reduction in river flow 

over the Zambezi River basin due the increased stream evaporation. However, the projections in the present 



 

 

63 
 

study show that, among the four basins (VLB, LRB, IRB, and WRB), the reduction in water availability may be 

the most severe over the WRB, where the decrease in precipitation is the most pronounced. 

 
Figure 11. Same as Figure 5, but for runoff. 

 
Figure 12. Same as Figure 5, but for streamflow. 
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3.4 Impacts on frequency of hydroclimatic droughts 

The response of hydrological droughts to the projected changes in hydroclimatic variables over the 

basins is summarised in Figure 13. The figure shows a linear increase in drought frequency for both 

meteorological droughts (SPI and SPEI). However, the increase is higher for SPEI droughts than for SPI 

droughts. At GWL3.0, both indices feature their highest increase in drought frequency over the WRB (20 and 

80 months per decade-1 for SPI and SPEI, respectively), but while SPI features its lowest increase over the 

LRB, SPEI features it over the IRB. The discrepancy between the two indices can be attributed to the influence 

of enhanced PET from global warming. While SPEI drought projections (based on climate water balance) 

incorporate the influence, the SPI drought projections (based on only precipitation) do not include the 

influence. Hence, using SPI for drought projection may underestimate the severity of the future droughts 

[7,51]. Nevertheless, SPEI drought projections too may overestimate the impact of the warming on future 

droughts over the basins, because, as discussed earlier, the linear increase in PET produced by the warming 

does not translate to a linear increase in AET over the basins.  

The projected decrease in precipitation limits the response of AET to the enhanced PET. However, the 

SPEI indicates the maximum drought stress over a basin, not the actual drought stress. The actual drought 

stress over a basin can only be obtained by means of hydrological drought indices. Following global warming, 

an increase in drought frequency is projected for all hydrological drought indices. Their projected increase 

lies within those of the two meteorological droughts. For some hydrological droughts (e.g., RFI), the increase 

is close to (but still higher than) that of SPI droughts, while for others (e.g., SWI), the increase is more than 

twice that of the SPI, but less than half that of the SPEI droughts. This confirms that the SPI drought 

projections may underestimate the impacts of global warming on water availability and hydrological 

droughts over the basins. However, among all the hydrological droughts, the projected impacts are most 

pronounced on the SWI and PERCI droughts.  
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Figure 13. Projected changes in the frequency of hydrodynamical droughts over the river basins at 12-month scales. 

4. Conclusion 

As part of ongoing efforts to understand the socio-economic impacts of global warming in South Africa, 

the present study has investigated the impacts of climate change on water availability and hydroclimatic 

droughts over four river basins in South Africa. The four river basins were chosen based on their importance 

for socioeconomic activities in the country and based on the prevalence of droughts over the basins. A bias-

corrected climate simulation dataset (CORDEX) was used to force a hydrological model (SWAT+) in simulating 

the hydrological response of the past and future climates (under the RCP8.5 scenario) over the basins. The 

meteorological droughts were characterised with two indices (SPEI and SPI), while the hydrological droughts 

were characterised with five indices (SWI, PERCI, RFI, WYLDI, and SFI). The impacts of global warming on 

hydroclimatic variables and droughts were quantified at four global warming levels (GWLs 1.5, 2.0, 2.5 and 

3.0). The results of the study can be summarised as follows: 

 In response to global warming, a warmer and drier climate is projected over each of the four basins, 

but with the highest warming rate occurring over the LRB, and highest drying rate over the WRB. 

 The warmer climate is projected to increase PET and stream evaporation, while the decreased 

precipitation may constrain the corresponding increase in AET over some basins, but a decrease in 

actual evapotranspiration over other basins. 

 A decrease in water availability is projected over all the basins, but the spatial distribution and 

magnitude of the decrease differs. The largest decrease in soil water and runoff is projected over the 

mountain ranges (highlands) in the VRB, IRB and WRB, but over the lowlands in the LRB. 
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 The maximum decrease in streamflow along the main river channels ranges from 37% in the LRB to 

69% in the VRB. 

 Both SPI and SPEI indicate a future increase in meteorological drought frequency over all the river 

basins, but the magnitude of the increase is higher for SPEI than SPI droughts. 

 An increase in the frequency of all hydrological droughts is projected over all the basins, however the 

increase is higher than that of SPI droughts and lower than that of SPEI droughts. 

The results have provided a basis for developing strategic research and policies toward mitigating the 

impacts of global warming on human health and socioeconomic activities over the basins. For example, the 

results show that global warming would increase local temperature over all the basins, but also indicate that 

the highest increase would be over the LRB. The Limpopo province is the hottest province in South Africa 

and is characterised by heat waves [52,53,54]. The projected increase in temperature might be accompanied 

by more frequent, more intense, and longer-lasting heat waves. This could have devastating impacts on the 

human health and socio-economic sectors, since heat waves are well known for destroying plant and animal 

species, damaging agricultural production (crops and livestock), increasing energy and water consumption, 

causing heat stroke, and even killing people [53]. To mitigate these impacts, future research may quantify 

future changes in characteristics of heat waves over the LRB and assess the implications for human health 

and socio-economic sectors. As a results, the research efforts may contribute towards reinforcing local 

climate change adaptation strategies. In addition, decision-makers can formulate policies that motivate and 

incentivise activities that mitigate temperature increases locally over the LRB. Such activities may include, 

for instance, planting of indigenous vegetation in the basin (to improve water use) or installing reflective 

roofing on buildings (to help keep buildings cooler and make them more energy efficient). 

The results also show that global warming would reduce water availability and increase hydrological 

drought frequency over all the basins, with the largest impacts in the WRB. The Western Cape province is 

well known for experiencing severe droughts. This province experienced one of its most devastating 

droughts in the period 2015 – 2017. The multi-year severe drought, which reduced annual rainfall 

consecutively for the three years, cascaded from the meteorological drought to an agricultural drought and 

a hydrological drought with devastating socio-economic impacts. It reduced the water storage levels of the 

Western Cape’s major dams to about 23% (meanwhile the last 12% of the dam water was unusable) and the 

water supply to the City of Cape Town was reduced by about 60% [55]. This led to severe water restrictions 

on agricultural, urban, and industrial consumers as well as on citizens (50 litres per person per day), while 

the dwellers of the mega city prepared for the so-called ‘Day Zero’ (a day when regional dam levels would 

decline to critically low levels and the city’s domestic taps would have to be switched off; [56]. The drought 

led to a decline in agricultural output with economic losses of R5.9 billion and 30,000 job losses [57]. 

However, results from the present study concur with those of [8,58], that global warming might make a 

severe drought like this more frequent in the future. The reduction of water availability in the WRB is 

projected to occur via a decrease in precipitation and an increase in PET. To mitigate the potential impacts 
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of reduced precipitation, decision makers may have to invest more resources into infrastructure for 

alternative water sources (e.g., extraction from underground water aquifers and water desalination instead 

of the current reliance on surface water sources). They could also incentivise activities that will promote the 

more efficient use of available rainfall water (e.g., rain harvesting), reduce the evaporation of stream water 

(i.e., by creating underground water storage and V-shape lakes, or implementing water evaporation 

prevention technology measures for dams of the WCWSS), and minimise the evapotranspiration of soil water 

(through mulching, planting of grasses, or planting of indigenous rather than exotic tree species, particularly 

in riparian areas). 

Additional information that emerges from the results relates to the usage of meteorological drought 

indices (e.g., SPEI and SPI) as indicators for water availability in river basins. Because climate projection 

datasets are more available and accessible than hydrological projection datasets, SPEI and SPI drought 

projections are often used (in place of hydrological drought projections) as indicators of water availability 

over river basins in the future (e.g., [7,51,59]). The results of this study revealed that the SPI drought 

projection may underestimate the impacts of droughts on future water availability, because it does not 

account for the influence of the enhanced PET on evaporation or evapotranspiration over the basins. The 

SPEI, too, may overestimate the impacts of droughts on future water availability because it exaggerates the 

influence of the enhanced PET evapotranspiration over the basins. Hence, in the absence of hydrological 

projection datasets, the policy makers may have to combine and compare SPI and SPEI drought projections 

when assessing the impact of climate change on water availability in the basins. While SPI would provide a 

lower limit for the projection, SPEI would provide an upper limit. In addition, the gap between SPEI and SPI 

would also provide a good indication of the extent to which impacts of enhanced PET (from global warming) 

can be mitigated over the basins. 
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Appendix A 

 

Figure A1: Same as Figure 4, but for extreme monthly streamflow (90th percentile). 
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Figure A2: Same as Figure 4, but for extreme monthly streamflow (10th percentile). 
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Abstract: Nearly fifty years ago, in 1972, the first space-borne satellite image (Landsat–1) was launched, which marked a 
significant change in the ability to understand and report our wetlands. South Africa has a track record of forty years of 
using space-borne satellite images for the mapping and monitoring of lacustrine (open water) and palustrine (vegetated) 
wetlands. This chapter provides a review of published literature and some reports for mapping the areal extent of these 
wetlands, and which attributes can be detected to inform on the types and rates of changes, related to the ecological 
condition of wetlands, that occurred to date. Despite the fact that wetlands were found to be the most threatened 
ecosystem type of South Africa in all the National Biodiversity Assessments where it had been included, and that the 
majority of wetland extent are in fact palustrine, no operational remote sensing system is in place to report on this wetland 
biome. In addition, the ephemeral category of both lacustrine and palustrine wetlands requires particular attention to 
improve on the representation and monitoring of these wetlands. A substantial amount of funding for representative nodes 
within the South African National Wetland Monitoring Programme would likely address this massive gap. 

Keywords: Earth observation; freshwater ecosystems; lacustrine; optical sensors; palustrine; radar 
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1. Introduction 

In 2022, earth observation (EO) from a space-borne platform will celebrate its 50 years of existence. South 

Africa has a record of forty years of research and outputs in the use of space-borne satellite sensors in the 

detection, characterisation and monitoring of wetlands. According to the South African National Water Act 

(NWA), Act 35 of 1998, wetlands are defined as ‘… land which is transitional between terrestrial and aquatic 

systems where the water table is usually at or near the surface, or the land is periodically covered with 

shallow water, and which land in normal circumstances supports or would support vegetation typically 

adapted to life in saturated soil’ [1]. Wetlands include aquatic ecosystems that straddle the freshwater 

(rivers or inland wetlands) and estuarine realms in South Africa [2]. The International Union for Conservation 

of Nature (IUCN) recognises two types of natural wetland biomes, namely lacustrine (open water) or 

palustrine (vegetated), as well as the artificial wetland biome [3]. The areal extent of these two natural 

wetland biomes is used in reporting to the Sustainable Development Goal (SDG) Indicator 6.6.1.a [4,5] and 

targets for reporting to the Convention on Biological Diversity in 2030 and 2050.  

 
Wetlands were found to be the most threatened ecosystem type in South Africa in both the 2011 

and 2018 National Biodiversity Assessments (NBAs) [6,7]. Multiple anthropogenic pressures, such as 
changes to the hydrological regime, water quality, habitat transformation and habitat invasion, 
negatively impact wetlands, with climate change expected to exacerbate these existing impacts, which 
ultimately could contribute to the collapse of wetlands in South Africa [8]. Increasing temperatures 
associated with climate change are likely to increase evapotranspiration of wetlands, and combined 
with severe drought periods, are expected to reduce the resilience of wetlands to withstand 
anthropogenic and climate change pressures. Consequently, ecosystem services associated with 
wetlands will likely reduce [9]. While the benefits derived from wetlands may initially increase with 
their use, the ecological condition of the wetland will degrade with long-term use leading to the 
ultimate decline in the benefits and services derived from the wetland. The intensification of climatic 
pressures will multiply these existing anthropogenic pressures and result in irreparable or costly 
rehabilitation and/or restoration costs, to the extreme of wetlands collapsing.  

 
South Africa has no official operational monitoring system in place to measure or track the 

ecological conditions of our natural wetlands over time. Currently, there are 157 728 polygons used to 
represent inland wetlands in the latest National Wetland Map version 5 (NWM5), compared to the 290 
estuarine wetland polygons. Some of the number of inland wetland polygons, however, may require 
further division of units, or removal of slivers [10]. The operational cost of physically monitoring such 
a number of inland wetlands monthly, seasonal or annual basis is very expensive. But the change in 
the ecosystem threat status (ETS) and ecosystem protection levels (EPL) of inland wetlands is critical 
towards informing the NBAs and result of intervention efforts. For the NBA 2011 and NBA 2018, the 
ecological condition of inland wetlands therefore had to be modelled from ancillary data sets [11]. In 
contrast, river ecosystem types are monitored in situ for water quality parameters as part of the 
Department of Water and Sanitation’s (DWS’s) River Eco-status Monitoring Programme (REMP). A 
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framework for the in situ biophysical monitoring of wetlands was funded by South Africa’s Water 
Research Commission (WRC) [12] to inform the DWS’s planned National Wetland Monitoring 
Programme (NWMP). This study, however, excluded the use of remote sensing technologies. 
Subsequently, the WRC funded a study on the contribution of space technologies, i.e. remote sensing 
or EO, to the NWMP [13]1. The report indicates that EO plays an important role in the mapping and 
monitoring of wetlands globally and in South Africa. Although EO cannot distinguish the origin of 
pressures (anthropogenic or climatic) on wetlands, studies have shown that impacts observed in 
wetlands result predominantly from anthropogenic pressures, with climate change exacerbating these 
impacts [11]. EO technologies supplement in situ measurements through the quantification of natural 
phenomena at a leaf- to landscape scale at temporal intervals that could inform the rate of change 
over time.  

 
Nearly 50 years ago the first space-borne satellite with the Landsat–1 sensor was launched. It was 

launched on 23 July 1972 from California in the United States of America (USA) and was called the 
Earth Resources Technology Satellite (ERTS-1). Later the satellite was renamed Landsat–1, the first of 
a series of Landsat sensors which, to date, have been remotely monitoring features on Earth. Since the 
launch of the first EO satellite, three distinct periods of space-borne remote sensing could be 
distinguished: (i) the first period during which space-borne images were costly to acquire; (ii) the 
second period during which the images became increasingly accessible to the public; and (iii) the third 
period, characterised by the fourth industrial revolution (4IR) of technologies. In the first period 
satellite images were sold as proprietary items and very costly for South Africans to acquire. Images 
from the Landsat and Satellite Pour l’Observation de la Terre (SPOT) sensors were acquired for South 
Africa through a consortium of public and private institutions, sharing the cost of the images. The 
second period was characterised by the development and release of space-borne satellite images to 
the public via Google Earth (https://en.wikipedia.org/wiki/Google_Earth) from about 2001 onwards. 
Although the access was initially costed, the company Keyhole Inc, increasingly made satellite images 
available to the public and even people without any remote sensing training were able to access and 
use the images for viewing and mapping wetlands across the world. This period concluded with the 
United States Geological Survey (USGS) releasing 30 years of Landsat Archive images which has 
enabled a significantly amount of work in wetland detection and monitoring globally in 2008 publicly 
[14]. The third period commenced soon hereafter, with 4IR technologies becoming readily available 
for use [15]. Firstly, two proprietary sensors marked a change from the traditional four-band sensors 
to a red-  m. These included the RapidEye sensor launched 
on 29 August 2008, and the WorldView–2 sensor launched on 8 October 2009. Several studies at leaf-
level scale provide the value of improved estimation of vegetation health, above-ground biomass 
(AGB) and mapping plant species using the red-edge band. In addition, cloud-computing capabilities 
such as the Google Earth Engine (GEE) platform, which has the ability to replicate the process of larger 
geographic extents and time-series data through online servers, became available in 2010 [16]. In 
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addition, the temporal frequency of reporting has increased from the 16-day revisit cycle of Landsat 
to almost weekly cycle of the Sentinel–2 sensor.  

 
This chapter aims to provide an overview of the use of space-borne satellite images for the 

detection and monitoring of South African wetland types and their characteristics over the past fifty 
years. The period overlaps with the WRC’s 50 years celebration of work it has funded in the remote 
sensing of wetlands. Examples are provided on the monitoring of the two natural wetland biomes, 
namely lacustrine and palustrine wetland biomes across two respective sections in the chapter. Where 
relevant, examples of the remote sensing of wetlands in the artificial wetland biome or estuarine realm 
are also provided since these have relevance to the capabilities of the remote sensing of inland 
wetlands too. The following questions were addressed in this review:  

(i) How has space-borne remote sensing contributed to the delineation and mapping of the 
areal extent of each wetland biome in South Africa? 

(ii) Which attributes of the wetland biome can currently be detected for South African 
wetlands? 

(iii) Are there any operational remote sensing systems in place or in development to inform 
the NWMP South Africa? 
 

It is the intention with this review is that South Africans obtain a broad overview of the capabilities 
of remote sensing for monitoring wetlands. Literature cited in this review include only peer-reviewed 
journal articles papers in reputable journals, as well as reports funded by the WRC.  

 

2. The lacustrine wetland biome of South Africa 
The lacustrine wetland biome is defined by the IUCN global ecosystem typology as follows: “The 

Lakes biome includes lentic ecosystems defined by their still waters. They vary in area, depth, water 
regime, and connectivity to other aquatic systems across a global distribution. Gradients in water 
regimes, temperature, lake size and salinity exert critical influences on the function, productivity, 
diversity, and trophic structure of lake ecosystems. Water regimes vary from permanent open waters 
to seasonal or episodic filling and drying on inter-annual time scales.” [3, p68]. The biome is further 
divided into Ecosystem Functional Groups (EFGs) based on their size and hydroperiod class, while also 
including artesian springs and oases, geothermal pools and subglacial lakes [3].  

 
The size of wetlands in South Africa are relatively small and the depth shallow compared to those 

in the tropics and Americas [13,17]. The South African Classification System for Wetlands and other 
Aquatic Ecosystems [18,19] uses a hydrogeomorphic (HGM) approach to classification and distinguish 
between the lacustrine and palustrine type only at the lower levels of the tiered Classification System 
for Wetlands and other Aquatic Ecosystems as descriptors and not as biomes. In addition to the deeper 
lacustrine wetlands defined by Cowardin et al. (1979), South Africa also includes shallower lacustrine 
systems. Therefore, depending on the depth of a lacustrine wetland, it can be typed as either a lake or 

 m inundated to a maximum depth at the average annual low-water 
level of an open waterbody) or a littoral lacustrine wetland (<2 m) [18,19]. The most recent NWM5 
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shows that only 11% of the areal extent of wetlands are lacustrine (Figure 1), and only eight limnetic 
depressions or freshwater lakes occur in South Africa, while the rest are predominantly shallow [10]. 
The hydroperiod of lacustrine wetlands are determined based on their areal extent and duration of 
inundation [18]. Three categories of the hydroperiod are used in South Africa, namely permanently 
inundated if more than nine months in a year, seasonally (3 – 9 months) and intermittently (<3 months) 
inundated [18,19]. 

 

 

Figure 1. National Wetland Map version 5 displaying inland wetlands as lacustrine, palustrine or other wetland 
types. 

 
The following two subsections will demonstrate the value of space-borne remote sensing and 

images in the mapping and monitoring of lacustrine wetlands, providing more information on 
attributes related to water quantity (the areal extent, depth, hydroperiod) and attributes related to 
water quality. 

2.1. Delineation and mapping water quantity information of South African lacustrine wetlands  

South Africa’s highly variable rainfall pattern implies that the maximum extent of lacustrine 
wetlands, the parameter to spatially represent in the NWMs, as well as the hydroperiod should be 
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determined from multi-season images. Historically, aerial photography flown for topographical map 
production in South Africa was done in the dry season to ensure the least amount of cloud cover and 
the best view of physical features [17]. This resulted in the minimum extent of wetlands detected and 
mapped. In addition, if these photographs were taken in times of drought, it would further result in 
the omission of wetlands represented on the topographical maps. Initially, the land cover products of 
South Africa of 1996 and 2000 suffered similar omissions because SPOT and Landsat images from dry 
season imagery were use. Regardless of the limitations, the water and wetlands categories mapped in 
the South African National Land Cover (NLC) products to date have made a significant contribution to 
the mapping of the aerial extent of lacustrine wetlands and quantifying changes in these wetlands over 
the years [20-23]. Aside from the omissions resulting from using a limited number of images over the 
hydrological cycle and particularly the wet season, the coarse spatial resolution of the Landsat images 
(30 m) resulted in the omission of small wetlands [24,25]. In fact, De Roeck et al. (2008) indicated that 
only 12% of the number of small wetlands in the arid region of South Africa (north of Cape Town to 
Saldanha Bay and from the west coast inland to Tulbagh) could be detected with Landsat, while 73% 
of the number of wetlands were smaller than the minimum mapping unit of Landsat (< 0.081 ha), and 
another 15% was subjected to the edge-effect of spectral reflectance of adjacent land cover types. The 
study then compared the capabilities of the optical Landsat images to map lacustrine wetlands to those 
of the Envisat Advanced Synthetic Aperture Radar (ASAR) radar (C-band HH2-polarised) images, at a 
pixel size of 12.5 m spatial resolution, and found that Envisat ASAR detected fewer wetlands than 
Landsat.  

 
After 2010, in the third period of space-borne technologies, the spectral, spatial and temporal 

resolutions of images used for land cover classification improved. Provincial and national land cover 
data are now derived from multi-seasonal Sentinel–2 images at a 20 m spatial resolution, such as the 
NLC 2018 [26]. The Sentinel–2 sensors (A&B) also increased the temporal frequency of freely available 
satellite images from the bimonthly images of Landsat to four to six images per month in South Africa, 
which increases the opportunity of minimising cloud cover. In addition to the improvements of spatial 
resolution, the accuracies of indices used for detecting South African lacustrine wetlands, and even the 
inundation extent of some river systems are still being tested in South Africa [27]. 

2.2. Monitoring changes in areal extent and deriving hydroperiod information for South African 
lacustrine wetlands  

The free accessibility of the Landsat Archive from 1984 until 2015 has revolutionised the ability to monitor 

changes in the areal extent of lacustrine wetlands globally [28,29]. The Global Surface Water (GSW) product 

used the Landsat archive to produce initially annual, but later also monthly, inundation extent of wetlands 

and information at a global scale [28]. Subsequently, the use of Sentinel–2 images (sensor A launched 23 

June 2015 and B on 7 March 2017) were used to continue with the monitoring, though these images were 

resampled to Landsat’s 30 m spatial resolution to ensure consistency across the last forty-year reporting 

 
2 HH = Horizontal transmission and received beam. 
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period. The areal extent of South African lacustrine wetlands mapped by the GSW totals 209 km² while 

2,787 km² of the comparable open water bodies classes were mapped in NLC 2013 [5]. With the use of the 

open water mapping indices, changes in South Africa’s lacustrine wetland extent have now been calculated 

globally, country-wide, and by catchment scales [28,30,31]. Irrespective of the satellite images and indices 

used, a consistent negative trend in the areal extent of South African wetlands over different periods of time 

was observed [28,30,31]. Further work is required to determine the consistency of these measurements 

against indices of drought and whether the changes observed were not related to natural variation in 

wetland vegetation cover [5].  

The maps of lacustrine wetlands derived from remote sensing provides insight into the natural variation 

of the hydrology of South African wetlands. The first study, looking at estimating hydrological regime 

changes in lacustrine wetlands in South Africa, was for Soetendalsvlei within the Heuningnes Estuarine 

Functional Zone (EFZ) in the Western Cape Province [32]. A total of 100 Landsat–5, –7 and –8 images were 

used for a seasonal time series analysis of the inundation regime of the wetland. Despite the regular 16-day 

temporal frequency of the Landsat series, cloud cover inhibited a continuous series of observations. 

Significant annual and seasonal variations in the areal extent of wetland inundation were observed between 

1989 and 2017. The spring season showed the highest average and maximum lake inundation, while the 

autumn season the lowest median values. Interestingly, Mazvimavi [32] derived the areal extent of the 

wetland highlighting it was permanently inundated, covering 5.8 km² or 34% of the total wetland area, while 

the remaining 52% of the wetland is seasonal and the remaining 14% intermittently inundated, not 

accounting for parts that are palustrine in nature.  

Time series analysis of inundation has also informed the temporal variation of open water pools for four 

rivers in the arid Karoo region of South Africa, including the Tankwa, Touws, Breede and Nuwejaars rivers 

[27]. The classification of these lacustrine pools within the riverbed with Landsat (resampled to 15 m) and 

Sentinel–2 (10 m spatial resolution) images were compared to monthly rainfall data between 2016 and 2017. 

The Mzansi-Amanzi Web Map Viewer (MAWMV) (https://www.water-southafrica.co.za/) is an 

operational interactive viewer showing the areal extent of wetlands mapped at a country-wide scale for 

South Africa. The areal extent and statistics lacustrine wetlands are derived from Sentinel–2 images at a 

20 m spatial resolution using the GEE platform, that is considered to be a 4IR cloud computing tool [33]. 

Monthly sample data of the MAWMV illustrates the value in understanding the hydroperiod of the 

Chrissiesmeer catchment relative to the rainfall and are valuable for SDG and biodiversity reporting [13,34]. 

Such detailed monthly extent of lacustrine wetlands is available from the MAWMV to subscribed users.  

The hydroperiod categories of depressions in the Mpumalanga Lakes District (quaternary catchment 

W55A), around Chrissiesmeer in Mpumalanga was assessed using sample data derived from the MAWMV 

[13,34]. The monthly inundation of 416 depressions in this catchment between January 2016 and May 2018 

was obtained from GTI as a free sample data set. The results of the analysis showed that only 11% of the 
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total number of depressions (416) were lacustrine, while the others were palustrine (74%), or a mixture of 

the two (15%). In contrast, the lacustrine depressions covered a larger areal extent than the palustrine 

depressions, covering 66% of the total areal extent of all depressions, while the palustrine depressions made 

up only 15% and the mixed category 19%. A comparison between the hydroperiod category derived from 

the MAWMV data according to the Classification System for Wetlands and other Aquatic Ecosystems 

(permanently, seasonal and intermittently) to those of the topographical map categories, showed a 61% 

correspondence in hydroperiod classes. The remote sensing data, therefore, has potential for monitoring a 

large portion of the MLD depressions and contribute to improve hydroperiod classification of these 

depressions, though cloud cover still hampers the accurate variation in inundation for the wetlands. 

GeoTerraImage (GTI) now also collaborates with EkoSource Insight to operationalise and report 

monthly changes in South Africa’s lacustrine wetlands to the MAWMV and http://sbdvc.ekodata.co.za/ 

websites. This service is now termed the South African National Water Quantity Information System. The full 

dataset can be obtained from the South African National Space Agency (SANSA), Directorate: Earth 

Observation (Information provided by Cornelia Höll <CHoll@ekosource.co.za> via e-mail on 17 Mar 2021). 

At the end of July 2021, Mzanzi Amanzi version 2, derived from the combination of Sentinel–1 radar and 

Sentinel–2 optical data, was made freely accessible to the public. The inclusion of the radar data is likely to 

minimise the limitations of the optically-derived data of version 1. 

Over the three periods of development of remote sensing for mapping lacustrine systems in South Africa, 

the advances have clearly enabled faster mapping and reporting of the maximum areal extent and changes 

over time in the areal extent of lacustrine wetlands. Initially the topographical maps were produced as a 

hardcopy series every 20 years: in the 1960s, 1980 and 2000, with individual maps updated now online as 

they are produced. The countrywide NLCs were produced in 1996, 2000, and then 2013, 2018, with 

provincial updates produced more frequently in the past five years. Now in the 4IR period we see the 

increased use of GEE in the mapping and monitoring of lacustrine wetlands, using automated machine 

learning algorithms across multi-seasonal images, which speeds up the improvement of map production and 

reporting. 

2.3. Water quality information derived from space-borne satellite images for South African lacustrine 
wetlands 

Water quality information is derived from space-borne satellite images reporting on the nutrient and 

sediment status of relatively larger and deeper lacustrine wetlands of South Africa [35]. The images record 

the reflection values of cyanobacteria and algae for each pixel and, depending on the amount of chlorophyll-

a mass per cubic metre and species, reflection values would increase around 681, 709 and 753 nm [36] or 

change position across narrow spectral bands of the visible part of the electromagnetic spectrum. These 

pixel values in the image are used to predict the eutrophication status of these wetlands as oligotrophic (0–

10 mg m-3), mesotrophic (10–20 mg m-3), eutrophic (20–30 mg m-3) or hypertrophic (>30 mg m-3) [37].  
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Historical data from the Medium Resolution Imaging Spectrometer (MERIS) satellite (260 x 290 m spatial 

resolution) between 2002 and 2012 has been used to inform the eutrophication status and phenology of the 

blooms for 50 large lacustrine wetlands in the country. MERIS offered repeat visits to South African sites 

every 3-5 days, with 15 narrow bands between the visible and shortwave infrared (SWIR). Owing to the 

coarse spatial resolution, only 50 of the 497 large water bodies (with > 1 million m3 capacity) could be 

detected by MERIS [37]. Trends were limited to 2005 and 2011 because of missing data between 2002 and 

2004 and incomplete recordings in 2012. The fifty lacustrine wetlands reported on included 45 were artificial 

wetlands, three of the eight freshwater lakes (Barberspan, Chrissiesmeer and Lake Sibaya) and two open 

water bodies in the EFZs [36]. The latter includes Lake Kuhlange (now Lake Nhlange), the largest of the Kosi 

estuarine lakes in the Kosi EFZ, and Lake Msingazi, historically part of the Richards Bay estuarine lake system 

which has been modified by a weir at its outlet to be a freshwater coastal lake falling within the uMhlathuze 

EFZ. The results of the MERIS study showed that two of the three estuarine lakes, Barberspan and 

Chrissiesmeer were severely impacted, but also interestingly that the phenology of blooms at Chrissiesmeer 

differed from other lacustrine systems reported on [36].  

Subsequently, an online, operational and near real-time reporting system was developed to enhance 

the DWS National Eutrophication Monitoring Programme (NEMP), with research and development funded 

by the WRC since. The Cyanolakes operational remote sensing system (https://online.cyanolakes.com/, 

launched in July 2018), and a newly developed CyanoLakes Mobile Application (November 2020), now 

informs a number of stakeholders ranging from DWS to the tourism industry on the monthly variation in 

water quality of 103 lacustrine wetlands of which 102 are situated within South Africa and one in Swaziland 

(Figure 2). The Sentinel-3 Ocean and Land Colour Instrument (OLCI) has been used since 2016 [38] to report 

on the status of these wetlands in South Africa (Figure 2). The updated areas include a total of 92 artificial 

wetlands, five estuaries, and six freshwater ecosystems. For the freshwater ecosystems, four of the eight 

freshwater lakes (also including Groenvlei), as well as Eilandsmeer and Leeupan are monitored. A total of 

five wetlands within the EFZs are monitored monthly, with the additions of Lake Cubhu (historically linked 

to the uMhlathuze Estuary, but now a freshwater lake within the EFZ), Lake Nhlabane (similarly historically 

connected with the iNhlabane Estuary and in the iNhlabane EFZ) and Upper Langvlei in the Touw/Wilderness 

EFZ. Trends in water quality have shown that four of South Africa’s largest reservoirs (Bronkhorstspruit, 

Hartbeespoort Dam, Roodeplaat Dam and the Vaal Dam), providing water for potable and irrigation uses, 

are regularly hypertrophic [39].  

Remote sensing enabled the quantification of the spatial variation of water quality across the 

lacustrine wetlands. DWS through the NEMP collects water samples for 160 dams, lakes and rivers across 

the country, which are then analysed in laboratories [36]. These water samples are collected at particular 

points along the wetlands and rivers, and although it provides more detailed information on water quality 

[40], it lacks information on the spatial variation across a wetland. Therefore, remote sensing supplements 

the in situ NEMP monitoring system to fill in information gaps. Multiple platforms facilitate now the 
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distribution of the information via Twitter (https://twitter.com/CyanoLakes), and the free mobile apps for 

iOS (https://apps.apple.com/za/app/cyanolakes/id1537355837) and Android 

(https://play.google.com/store/apps/details?id=com.CyanoLakes). 

 

Figure 2. A total of 103 lacustrine wetlands are being monitored on an ongoing basis by Cyanolakes for their eutrophication 
status (Matthews 2014; Matthews & Bernard 2015). Of these, 50 wetlands were already monitored between 2004 and 2011 
with the MERIS. Currently, a total of 92 artificial wetlands, five estuaries, and six lacustrine wetlands are being monitored 
with the Sentinel–3 sensor. Abbreviations for countries and provinces: EC: Eastern Cape; eS: Kingdom of eSwatini; FS: Free 
State; GT: Gauteng; KZN: KwaZulu-Natal; LP: Limpopo; LS: Lesotho; MP: Mpumalanga; NC: Northern Cape; NW: North West; 
WC: Western Cape. The list of the 2013 waterbodies were provided by Dr Matthews to the author on 30 May 2016 and 
corresponds to those of [38]. 

The refinement of the spatial resolution of reporting remains of interest, with the optical Landsat 

Operational Land Imager (OLI) or Landsat–8 pan sharpened to 15 m spatial resolution showing promising 

results for the Vaal Dam, despite having only seven bands between the visible and SWIR and a 16-day repeat 

cycle [41]. In another study, the Landsat–8’s (30 m spatial resolution) blue-green band ratio and red/NIR of 

Sentinel 2 (at 10 m spatial resolution) also showed promise for monitoring of the Vaal Dam [42]. The OLCI 

on the Sentinel–3 sensors, with improved signal-to-noise ratios, records reflectance for 21 bands between 

the visible and near infrared (NIR), at a 300 m spatial resolution [39]. Two of the four sensors, named A-D 

have already been launched: Sentinel–3A in February 2016 and Sentinel-3B in April 2018. Sentinel-3C is 

scheduled for launch sometime in 2021. These satellite images are currently being validated, while 
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improvements in estimating the variation in plant species and their phenologies are also under way 

[38,39,43]. 

2.4. Mapping invasive species from space-borne satellite images for South African lacustrine wetlands 

The first mapping of invasive species in South African lacustrine wetlands with space-borne satellite 

imagery that could be found was done in the Greater Lethaba River [44,45]. The overall accuracy resulting 

from the image classification of water hyacinth (Eichhornia crassipes) showed that the Sentinel–2 sensor 

outperformed the Landsat–8 (30 m) image classification by 10%, with the former achieving 78% and the 

latter 68% [45]. Using Sentinel–2 at a 10 m spatial resolution, the authors found a minor difference of 1% in 

the classification accuracies across the wet and dry seasons [44]. The spectral confusion between hyacinth 

and other floating vegetation remains a challenge [45]. 

3. The palustrine wetland biome of South Africa 

Palustrine wetlands “include vegetated floodplains, groundwater seeps, and mires with permanent or 

intermittent surface water” [3, p. 53]. According to the typology described by the USA in 1979, palustrine 

wetlands include “ …  all nontidal wetlands dominated by trees, shrubs, persistent emergents, emergent 

mosses or lichens … .” [46]. In the IUCN typology, EFGs under the palustrine biome are further divided 

according to climatic regions (tropical, subtropical-temperate and arboreal), vegetation structures (trees or 

graminoids) and hydroperiods (permanent, seasonal or ephemeral) [3]. A total of seven EFGs are described 

for the palustrine wetland biome, with codes typifying the categories where “TF” indicates the terrestrial-

freshwater transitional realm: TF1.1 Tropical flooded forests and peat forests; TF1.2 Subtropical/temperate 

forested wetlands; TF1.3 Permanent marshes; TF1.4 Seasonal floodplain marshes; TF1.5 Episodic arid 

floodplains arid floodplains; TF1.6 Boreal, temperate and montane peat bogs; and TF1.7. Boreal and 

temperate fens. Within South Africa, only four of these seven EFGs exist, namely, TF1.2, TG1.3, TF1.4 and 

TF1.5). The tiered South African Classification System for Wetlands and other Aquatic Ecosystems distinguish 

at the sixth level of the typological framework, vegetation types such as aquatic, herbaceous, shrub/thicket 

and forest, and even allow for further subdivisions [18]. Initial estimations in the NWM5 show that about 

55% of South Africa’s wetlands are palustrine (Figure 1). 

The occurrence of plant species is one of the essential biodiversity variables (EBVs; Table 1) that 

remote sensing can contribute to mapping and monitoring of the palustrine wetland biome over time [47]. 

Historically, the areal extent of palustrine wetlands was poorly separable from terrestrial vegetation, with 

traditional four-band (having bands only in the red, green, blue and near infrared regions of the 

electromagnetic spectrum), and coarse spatial resolution satellite images that resulted in poor classification 

accuracies of plant species or groups. This was primarily attributed to the limited number and broad regions 

 m) that resulted in the omission of small and 

narrow wetlands, typical of the size and shape of the majority of South Africa’s wetlands. Regardless, South 

Africa has a research track record on the remote sensing of palustrine wetlands spanning forty years, starting 
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from the first study where Landsat–1 was used, to the most recent using the Sentinel and WorldView 

sensors. Several studies have informed the capabilities of optical and radar sensors in mapping the aerial 

extent, structure and function of palustrine wetlands, which informs other EBVs, while mapping changes in 

land cover assisted in quantifying the geographic extent, types and rate of change. The following sub-

sections will elaborate on some of the successes observed to date and challenges still to be addressed. 

Table 1. Essential biodiversity variables associated with satellite remote sensing [47]. 

Ecosystem structure Ecosystem function 
 Ecosystem 

distribution 
 Forest cover 
 Fractional cover 
 Land cover 
 Vegetation height 

 

 Above-ground biomass 
 Fire disturbance 
 Fraction of absorbed photosynthetically active 

radiation 
 Inundation1  
 Leaf area index 
 Soil moisture 
 Vegetation phenology 

 
1 Associated with both the inundation hydrological regime of lacustrine wetlands and soil moisture hydrological regimes of palustrine wetlands. 

3.1. Delineation and mapping of the areal extent and types of South African palustrine wetlands  

Most South African studies mapping the areal extent and types of palustrine wetland with satellite images 

have used a variety of vegetation species, groups or EFGs, because they appear as visibly separable objects 

on an image. In some instances, the areal extent of a single species dominates the canopy and forms a 

homogenous dense stand that can be easily delineated from an image, while adjacent to this object on the 

image, a mixture of species could be recognised as another distinguishable, habitat unit. As such, palustrine 

wetlands require representative ‘Regions of Interest’ (ROIs) or ’Area of Interest’ (AOI) points or polygons in 

the classification for a particular region, as opposed a single index as in the case of the lacustrine wetlands. 

This imply that studies to date are limited in geographic extent and the results cannot easily be upscaled to 

a region or province. 

The earliest mapping of wetland vegetation groups or communities in South Africa with space-borne 

imagery, was done in the Langebaan Estuary [48] using Landsat–1 (Table 2; Figure 3). About seven wetland 

vegetation communities and two lacustrine classes were combined with other land cover and terrestrial 

vegetation classes to predict 16 vegetation and land cover classes. Although an accuracy assessment had not 

been done, Jarman commented that it took only forty hours to predict the map on Landsat, compared to 

months of mapping these classes in the field. Yet fieldwork formed an essential component of the remote 

sensing modelling.



 

 
 

Table 2. Details of studies in South Africa where space-borne remote sensing was used for wetland mapping. Studies are listed first 
chronologically then alphabetically in the Citation column. The study number refers to the number reflected on Figure 3, whereas numbers 
under the sensors refers to the version of the satellite used. Abbreviations for provinces: FS = Free State; GT = Gauteng; KZN = KwaZulu-Natal; 
LP = Limpopo; MP = Mpumalanga; NC = Northern Cape; NW = North West; WC = Western Cape.  

Study 
# 

Site name 
and 

reference 

Sensor(s) Number of 
wetland 

vegetation 
classes 

Details of palustrine classes uses and overall accuracy 

La
nd

sa
t 

Sp
ot

 

Ra
pi

dE
ye

 

W
or

ld
-

V
ie

w
 

Se
nt

in
el

 

1. Langebaan (WC) 
[48] 

1     16 23 sub-classes, of which two are lacustrine, seven palustrine. These were consolidated into 16 classes 
using Landsat–1. 

2. Highmoor (KZN) 
[24] 

1     N.A. 

Wetland extents were predicted from a combination of land cover classification and deriving potential 
valley-bottom and floodplain extent from a Digital Elevation Model. 

3. Glengarry and 
Kamberg/Stille-
rust (KZN) [24] 

5     

4. Walker Bay 
(Estuary, WC) 
[24] 

5     

5. Glenhart (WC) 
[24] 

5     

6. Betty’s Bay and 
Hangklip (WC) 
[24] 

5     

7. Theewaterskloof
dam (WC)  [24] 

5     

8. Davel (MP) [24] 7     
9. St Lucia (KZN) 

[49] 
 6 x 2  8 Eight habitat units (macroalgae; submerged macrophytes; reeds and sedges; mangroves; grass and 

shrubs; salt marsh; swamp forest; floating macrophytes). An overall accuracy of 64.3% was attained for 
SPOT–6 (2 m spatial resolution), 66.8% for RapidEye (5 m spatial resolution) and 77.9% for WorldView–2 
(2 m spatial resolution). 

10. Western Cape 
palmiet 
wetlands [50] 

1-
3, 
&5  

    22 Changes in the aerial extent of Palmiet (Prionium serratum) was mapped using Landsat images attained 
across the ten scenes covering the study area. The overall classification accuracy is indicated in brackets 
after the respective Landsat series: 
Landsat–1 and –3 of the 1970s (65%); 
Landsat–5 images of 19802 (64%); 
Landsat–8 images for 2014 (58%). 

11. St Lucia (KZN) 
[51] 

  x   6+ Six wetland tree species (Avicennia marina, Bruguiera gymnorrhiza; Ficus trichopoda; Ficus sycomorus; 
Hibiscus tilliaceus; Syzygium cordatum) and additional classes (Acrostichum aureum L; Coastal lowland 
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forest, East coast dune forest; Phragmites australis/mauritanus; seasonal wetlands & Vachellia kosiensis) 
were used in the classification attaining an overall accuracy of 86%. 

12. iSimangaliso 
Wetland Park 
(KZN)  [52] 

    1
&
2 

 The classes mapped a terrestrial class, lacustrine wetland class, a wetland class without vegetation and 
nine palustrine wetland classes which are distinguished based on their vegetation height (high, medium, 
low) and hydroperiod (permanently flooded, temporarily flooded and permanently moist). 

13.  Senary 
catchment areas 
around 
Hogsback (EC) 
and 
Tevredenpan 
(MP) [13] 

   3 2  For the Hogsback study area, the lacustrine wetlands were separately mapped from palustrine wetland 
groups (Eragrostis spp. & Themeda spp., Andropogon spp.; Carex spp.; Ficinia spp.; Merxmuellera 
macowanii; Phragmites australis; Sedge-dominant) and other land cover classes (bare soil, cropland, 
invasive tree species, felled plantations, planted plantations and mountain slopes). An overall accuracy of 
82% was obtained for the Sentinel–2 classification compared to the WorldView–3 classification of 85%. 
 
For the Tevredenpan study area the lacustrine wetlands were distinguished from other palustrine 
wetland (Eragrostis plana & Themeda triandra; Arundinella nepalensis); Aristida spp.; Carex spp.; Grass-
sedge communities; Juncus effusus; Phragmites australis; Sedge dominant (>20%); Wet-grass 
communities) and other land cover classes (bare soil, cropland, invasive tree species). An overall accuracy 
of 81% was obtained for the Sentinel–2 classification compared to the WorldView–3 classification of 77%. 
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Figure 3. Studies investigating remote sensing of different palustrine wetland types in South Africa. 
Table 2 lists more details about each of the studies. 

A second study published in 2002, used Landsat–5 Thematic Mapper (TM) and Landsat–7 
Enhanced Thematic Mapper (ETM+) images for mapping wetlands in several study areas [24]. Three 
of the four broad areas were situated in the Grassland Biome, including Highmoor (KwaZulu-Natal 
Province), Glengarry/Kamberg (KwaZulu-Natal Province) and Davel (Mpumalanga Province), while 
the fourth area was an estuary (Walker Bay, Western Cape Province) (Table 2; Figure 3). The overall 
accuracy attained was > 72% for the inland sites and 87% for Walker Bay Estuary. For the Davel site, 
an overall accuracy of 84% was attained when the classification was enhanced with a probability 
index of wetlands that were derived from a Digital Elevation Model (DEM). The study found that 
several small and narrow wetlands were present at the sites which could neither be detected by the 
30 m spatial resolution of Landsat, nor by the panchromatic enhanced 15 m spatial resolution 
images. In general, open water was easier to map than palustrine wetlands. A cost-comparison 
between manual mapping methods and the remote sensing classification of images, showed them 
to be closely comparable. Images were at stage still costly, and both SPOT and Landsat images had 
to be purchased at that stage. The suitability of remote sensing for inventorying also had to consider 
data storage capabilities and computer processing power at that time. Image processing software 
at that stage was primarily proprietary software requiring skilled and trained professionals [13]. 
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In the St Lucia Estuary, WorldView–2, RapidEye, and SPOT–6 images between 2010 and 2014 
were used to map eight habitat units (Table 2) in the estuary, attaining overall accuracies of 64.3% 
for SPOT–6 (2 m spatial resolution), 66.8% for RapidEye (5 m spatial resolution) and 77.9% for 
WorldView–2 (2 m spatial resolution) using parametric classifiers [49]. The possibility of mapping six 
wetland tree species (Table 2) and other dryland and estuarine-associated vegetation was also 
tested for the Maphelane and St Lucia nodes within the iSimangaliso Wetland Park, with the 
RapidEye satellite image and non-parametric classifiers, attaining an 86% overall accuracy  [51,53].  

The most recent areal extent of wetlands dominated by Palmiet (Prionium serratum), 
associated with small wetlands of < 5 km², was mapped using Landsat–8 (30 m spatial resolution 
and 11 spectral bands) from 2014 at a 30 m spatial resolution for valley-bottom wetlands in the 
Western Cape [50]. A mean classification accuracy across the ten scenes used to cover the study 
area attained 65%. For the first time citizen scientist observations were used from the iSPOT records 
(now iNaturalist https://www.inaturalist.org/) in the classification process. In comparison the earlier 
Landsat–1 to –3 and Landsat–5 (60 m spatial resolution and four spectral bands) used to classify the 
historical areal extent of Palmiet were considered less effective, achieving overall classification 
accuracies of 64% and 58%, respectively, across the ten scenes (Table 2; Figure 3).  

More recently, the capabilities of freely available Sentinel–2 data (at 10 m spatial resolution) 
was compared to proprietary WorldView–3 (1.1 m spatial resolution) images in the mapping of 
wetland vegetation groups at senary (6th-level) catchments levels for Tevredenpan (Mpumalanga 
Province) and Hogsback (Eastern Cape Province) using non-parametric classifiers [13]. At 
Tevredenpan, eight palustrine wetland vegetation groups were separated from terrestrial 
vegetation and four land use classes (Table 2; Figure 3). For Hogsback, five palustrine wetland 
vegetation groups were separated from terrestrial vegetation, lacustrine wetlands and six other 
land use classes. A total of 165 in-field sample points for Hogsback and 164 for the Tevredenpan 
study areas were supplemented with AOIs from the image totalling 384 and 585 for each study area 
respectively. Firstly, the ability of the sensors to separate terrestrial and wetland vegetation was 
reported where a minimum overall accuracy of 91% and a maximum overall accuracy of 96% – 97% 
was attained by WorldView–3 and Sentinel–2 for both study areas. In addition, the lowest user’s 
accuracy for an individual class was between 88% and 99%, implying that all classes were well 
separated from each other. WorldView–3 outperformed the Sentinel–2 image classifications in 
some instances with user’s or producer’s accuracies increasing up to 7% and was able to map more 
of the groups with smaller areal extents. However, WorldView–3 has a smaller areal coverage of 
7 336 km² for a single tile and is costly, compared to Sentinel–1 and –2 sensors with a tile covering 
10 00 km². The work therefore demonstrates that the freely available Sentinel–2 optical images 
have potential for monitoring palustrine wetlands in South Africa. 

Interestingly, a study on the central and southern part of the iSimangaliso Wetland Park 
proved that the combination of multi-season radar Sentinel–1 and optical Sentinel–2 images 
maximised the classification accuracies of wetlands [52]. This is the first study of its nature in South 
Africa with a much larger geographic extent compared to previous studies (Table 2; Figure 3). The 
classification was based only on ancillary data collected and published by other authors in South 
Africa with no in-field validation done. The classification accuracies were reported at three levels: 
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(i) for separating permanent water from wetlands and terrestrial classes, an overall accuracy of 84% 
was obtained; (ii) for separating high-, medium-, low- and non-vegetated groups, an accuracy of 
91% was attained, while separating permanently flooded areas from temporarily flooded and 
permanently moist areas, an overall accuracy of 82% was attained. The final product combines these 
classes, which is the closest to IUCN EFGs of the palustrine wetland biome that have been mapped 
in South Africa. 

3.2. Monitoring changes in the areal extent of South African palustrine wetlands 
To date, land cover change detection was used in South Africa to determine changes in the 

extent of wetlands over time. Two categories are used to assess changes in wetlands: the ‘wetland’ 
category (see [20]) for the definition as used in the land cover datasets) are used to distinguish 
palustrine wetlands from lacustrine wetlands (the ‘water body’ category) in remotely-sensed 
derived land cover classifications. The palustrine wetlands broadly include vegetated wetlands with 
graminoid and shrub cover, however, further distinction of different wetland vegetation groups is 
not possible, owing to the limitations of the coarse-scale sensors in distinguishing these. Several 
studies, as described in the paragraphs below, used these broad categories to detect changes in the 
habitat extent of palustrine wetlands. Habitat extent is one of the essential biodiversity variables of 
wetland ecosystems that could be detected with remote sensing (Table 1). 

One of the first change detections done for lacustrine and palustrine wetlands were 
published for the north-eastern part of the Maputaland Coastal Plain in the KwaZulu-Natal Province 
surrounding eManguze [54,55]. Landsat–4 and –5 Thematic Mapper (TM) and Landsat–7 Enhanced 
Thematic Mapper (ETM) images at a 30 m spatial resolution between 1992 and 2008 were used to 
identify and map lacustrine, as well as permanently and temporary palustrine wetland, swamp 
forests and three other land use classes (urban, grassland and plantations). The areal extent of 
wetlands mapped for both the wet and dry season was classified as permanent wetlands while the 
others were typed as temporary. Three years were used for the change detection analysis. These 
years were 1992, a dry year, 2000 a wet year, and 2008 another dry year, based on the rainfall 
records. The 2008 classification results attained an 80% overall accuracy. A 100 x 100 m cell size was 
used for the comparison, based on the minimum mapping unit associated with Landsat images. The 
change detection between the resultant classifications of 1992 and 2008 showed an 11% decrease 
in palustrine wetlands and 7% increase in grassland. The study also highlighted that swamp forests 
were difficult to map with the Landsat images. 

Further south on the Maputaland Coastal Plain, the changes that took place in a part of the 
uMfolozi Floodplain between 1997 and 2017 were determined using Landsat TM, ETM and OLI [56]. 
Eight land cover classes were used, including the water and wetland land cover classes that are 
related to the lacustrine and palustrine wetland biomes, respectively. The overall accuracies ranged 
from 79% to 88%, with an average of 83% for the seven images used across the 20-year period. The 
results showed a decrease in wetland extent by 14%, with a substantial increase in subsistence 
(notably after 2012) and commercial sugarcane farms being established in the area.  

Changes in the areal extent of the wetlands dominated by Palmiet in the Western Cape 
Province was done for a period of 60 – 70 years, using the Landsat–8 classification of 2014 in 
comparison to aerial photography of the 1940s and 1950s [50]. The results showed that 55% of the 



 

90 

areal extent of the Palmiet wetlands was lost, while the wetland perimeter of remaining patches, 
increased significantly by 29% over this period.  

For the Maungani Wetland in the Limpopo Province, land use and land cover changes 
between 1983 and 2019 were also done using Landsat images [57]. The overall accuracy of the 
classification ranged from 78% to 93%. About a third of the wetland (31%) was lost by 2019.   

Changes in the coastal swamp and floodplain forest (IUCN EFG TF1.2) of the Maputaland 
Coastal Plain between 2005 and 2017, using the provincial land cover datasets, also report losses 
for these palustrine wetlands [58]. The provincial land cover data of the KwaZulu-Natal Province 
from 2005, 2008, 2011 and 2017 with consistent comparable classes at a 20 m spatial resolution 
were used. Several limitations were found in using the land cover data for recording changes in 
these palustrine wetlands. On the one hand, the land cover data do not adequately represent the 
types of transformation that occurred within these wetlands. On the other hand, the rates of 
degradation, in comparison to a smaller well-mapped focus area, showed an underreporting of the 
degradation of these wetlands over time. The geographic distribution of different types of wetland 
degradation types and their rate of change remains a challenge in terms of been able to quantify 
them more accurately.  

  At a country-wide scale, the amount of change in the inland wetlands was represented in 
NWM5 in which the land cover date of 1990 and 2014 were compared [11]. The rate of loss of 
natural land cover within the wetlands were estimated at 0.3% per annum, with higher rates of loss 
found in floodplains (3.7% loss), seeps (3.8% loss) and valley-bottom (3.7% loss) wetlands, as 
opposed to the depression wetlands (1.2% change). The results again supported the findings of 
research reported earlier in this chapter, that the coarse-scale 30 m resolution data underreports 
wetland extent and subsequently, also the losses and degradation in these systems. 

3.3. Mapping other essential biodiversity variables from space-borne satellite images for South 
African palustrine wetlands 

Progress on the remote sensing of EBVs other than habitat extent (Table 1) is also discussed 
here and includes metrics that are descriptive to the functioning of palustrine wetland, namely AGB, 
phenology, soil moisture, fire disturbance and the hydrological regime.  

AGB. The first estimation of wetland vegetation AGB was done for papyrus (Cyperus papyrus) 
vegetation sampled in the iSimangaliso Wetland Park (KwaZulu-Natal Province) using WorldView–2 
images [59]. WorldView–2 images are provided at 2 m spatial resolution with eight bands, one being 
in the red-edge region of the EMS. The average fresh AGB was 3.4 kg/m² measured across 82 
samples. A comparison was done between the traditional Normalised Difference Vegetation Index 
(NDVI) and an NDVI where two WorldView–2 bands, one in the red-edge and the other on the 
shoulder of the near infrared, were used to substitute the usual green and near infrared bands 
traditionally used in the NDVI. The results showed that the used of these WorldView–2 bands 
improved the estimation of AGB (where the coefficient of determination, R², = 0.7–0.8) and lowered 
the prediction error, compared to the traditional NDVI index (R² = 0.3), that is known to saturate at 
high AGB levels.   
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More recently, a study investigated the differences between wetland and terrestrial AGB in 
the Grassland Biome of South Africa, around Tevredenpan (Mpumalanga Province) and Hogsback 
(Eastern Cape Province) [13,60]. The results showed that the wetlands had significantly higher AGB 
in the palustrine wetlands (predicted average of 823 g/m² in the Tevredenpan and 605.9 g/m² in 
Hogsback study areas, respectively) compared to the terrestrial vegetation of both areas in the 
summer (predicted average of 421 g/m² in the Tevredenpan and 657 g/m² in Hogsback study areas, 
respectively). The lower AGB in the terrestrial vegetation could be attributed to the impact of 
burning terrestrial vegetation to promote grazing, and continuous grazing in these areas. In contrast, 
macrophytes (Phragmites australis and Typha capensis) and swamp sedge (Carex acutiformis) 
dominated in some of the palustrine wetlands and were not grazed, resulting in higher AGB during 
the summer. Using the bands (reflectance or polarisations) only, the Sentinel–1 radar combined 
with the Sentinel–2 optical data at an image spatial resolution of 20 m, attained a coefficient of 
determination (R²) of 0.63, similar to that attained by the 1.1 m spatial resolution WorldView–3 
optical images, with comparable error estimations.  

Phenology: This has only been studied at leaf-level scale with hyperspectral data for parts of South 
Africa but not yet at canopy scale using space-borne satellite images [13]. 

Soil moisture: A study in the Colbyn Wetland Nature Reserve of the Gauteng Province showed that 
both Sentinel–1 and Sentinel–2 images can be used to estimate the spatial variation of soil moisture 
for this palustrine wetland [61]. The sensors attained a coefficient of determination R²>0.9 with 
relatively low error estimations. Wetlands showed a mean observed Volumetric Water Count of 
90.7% for wetlands and 20% for terrestrial areas measures in-field on 28 March 2018, with 75% and 
6% recorded on 2 May 2018, respectively. The use of these Sentinel images for monitoring soil 
moisture content should be further explored for other parts in the Grassland Biome where the 

 kg/m².  

Fire disturbance in peatlands: The capabilities of space-borne sensors for mapping various levels of 
degradation in peatlands that had previously became desiccated or had been burnt, were assessed 
at Lichtenburg, Molopo and Molemane in the North West Province [62]. The assessment was done 
for three scales of remote sensing, namely space-borne, unmanned aerial vehicles (UAVs, or drones) 
and ground level. The Landsat–7 and –8 images were used to determine changes in the peatlands 
between 1999 and 2018. Four indices, relating to vegetation, water and heat, were used to quantify 
the changes in the peatlands. The fire in the Lichtenburg and Molopo peatlands burnt in 2013 – 
2014 and 2015 – 2016, respectively, following an observed decrease in the water index and increase 
in the land surface temperature indices in years prior to the active burn. NDVI, however, was not 
found to be a reliable indicator of the peat fires. The UAV complemented the space-borne image 
classification, particularly with a thermal sensor from where variation in temperatures could be 
determined at individual sites. The reflectance values between 350 and 2 500 nm were assessed in 
the laboratory to determine how the temperature of the soil changed when ignited. The report 
concluded with a framework on how the monitoring of burning peatlands can be facilitated at three 
levels: space-borne, airborne and ground levels.  

Hydrological regime of palustrine wetlands: The hydrological regime of palustrine wetlands in 
South Africa has been limited, for several reasons. Firstly, the spatial resolution of available space-
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borne sensors for soil moisture indices monitoring was too coarse for the detection of palustrine 
wetlands, as reviewed by [13,61]. Secondly, it is likely that the current available space-borne optical 
and radar sensors can only detect soil moisture in the top 5 cm of the surface soil, or through 

 kg/m². Thirdly, validation of this metric would 
require extensive monitoring across various gradients of soil moisture, for example in the Grassland 
Biome, to determine the accuracies and error estimations of relevant indices, and their reliability 
across months, seasons and years. Such an exercise requires a significant amount of funding and 
most likely collaboration across several organisations for execution. Fourthly, in areas where the 
wetland vegetation AGB exceeds 1 kg/m², particularly in forested wetlands, the use of currently 
available radar sensors are insufficient for determining either inundation of water under the canopy 
or soil moisture content. Other modelling of soil moisture values at regional scale were derived from 
coarse-scale remote sensing products.  

Health indices for wetlands: Although this is not an EBV, some studies have used the variation in 
NDVI to determine overall health of a wetlands. For the Soetendalsvlei wetland in the Western Cape 
Province, NDVI was derived from the Landsat ETM and OLI sensors between 2014 and 2018 [63]. 
The severe decline in NDVI values were observed between 2015 and 2017, corresponding to the 
most recent decadal drought of the Western Cape Province. The use of the NDVI for wetland health 
assessments should be carefully considered, however. For example, some trace metals in mine 
water could promote vegetation vigour and result in high NDVI values [64], or not accurately reflect 
the variation of desiccation or burning of peat substrates across a wetland when a single value is 
reported for the whole wetland [62], while in other wetlands the NDVI value may saturate in the 
case of high AGB [65]. 

3.4. Mapping invasive species for South African palustrine wetlands 

Remote sensing studies of invasive plant species in South Africa have been done at individual 
sites or catchment scales. Invasive species in catchments have significant impact run-off and 
therefore negatively impacts wetlands. Many studies have taken a terrestrial focus of the 
geographic extent of impact, with few quantifying impacts on wetlands explicitly. Furthermore, it 
was observed that many of the remote sensing mapping of invasive plant species done in South 
Africa focus on the mapping of a single invasive species [66]. In an attempt to address several current 
shortcomings in mapping the impacts of invasive plant species on wetlands and their water towers, 
a study in the headwater catchments of the Southwestern Cape (Western Cape Province), 
considered to be critical water towers, was done to assess the extent of invasive plant species Acacia 
spp., Eucalyptus spp. and Pinus spp amongst evergreen fynbos. Sentinel–1 and–2 dated images from 
January 2019 were used in the GEE platform, with sample points collected from infield validation 
with Global Positioning Systems, expert knowledge, and drone images. The latter was particularly 
flown for validating the extent in riparian areas. The outcome of four classification scenarios, 
predicting the areal extent of invasion in terrestrial and wetland areas, resulted in overall 
classification accuracies >74% for the invasive alien tree classes, yet challenges remained in 
improving the user’s classification accuracies of these invasive species.  
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4. Discussion and conclusion 

Although remote sensing or EO technologies are not directly detecting the different 
impacts resulting from climate or anthropogenic changes in South African wetlands, they are 
critical for quantifying the areal extent of wetland ecosystems as well as the aerial extent, type 
and rate of degradation that takes place as a result of global change. Both lacustrine and 
palustrine wetland biomes, as used in the IUCN ecosystem typology and SDG 6.6.1.a reporting, 
have been mapped by space-borne satellite images in South Africa to date. The earliest 
published evidence of the use of Landsat–1 was for the Langebaan Estuary, where wetland 
vegetation types were mapped [48]. Subsequently, the number of studies, their geographic 
spread, and the types of space-borne sensors for mapping wetlands in South Africa have 
diversified. The advances in 4IR technologies have particularly accelerated the 
operationalising of viewers and online cloud computing, enhancing the ability to report 
changes globally and at a higher temporal frequency.  

 
One of the biggest challenges faced in using space-borne remote sensing for monitoring 

South Africa’s wetlands, are that they are predominantly palustrine in cover, or a mixture of 
palustrine and lacustrine. The remote sensing data sets indicate that about 11% of our wetland 
extent is lacustrine, and 55% palustrine, with 34% considered arid [5,10]. The arid biome 
reported for NWM5 should, however, be correctly retyped as either ephemeral lacustrine or 
ephemeral palustrine systems, according to the most recent IUCN typology [3]. Unfortunately, 
to date, an insufficient amount of information is available to improve the typology of these 
ephemeral wetlands. The GSW product does not detect any variation in inundation for these 
areas [5] most likely as a result of using coarse-scale optical sensors that are limited in 
detecting shallow levels of inundation.  

 
Geographically, the regions where palustrine wetlands have been studied (Figure 3), 

shows a huge underrepresentation of the diversity of wetland vegetation in South Africa, 
compared to that reported in the National Wetland Vegetation Database [67]. More extensive 
funding would be required to cover the larger diversity of wetland vegetation in the country 
in which leaf-level, airborne-level and space-borne remote sensing research is applied. It is 
acknowledged that grey literature may be available at universities or reports from the private 
sector in which additional data and findings related to palustrine wetlands were reported, 
however, these studies require publication in peer-reviewed journals to ensure high quality 
outputs. Despite wetlands being the most threatened ecosystem type in the country, and 
wetlands being predominantly palustrine in nature, very little funding is channelled into 
improving remote sensing research on this wetland biome. Therefore, outputs produced 
remain mostly papers resulting from post-graduate studies at universities, or funding from the 
WRC, CSIR and ARC at this stage, with the geographic extent limited to site or small catchment 
scales. It is furthermore challenging to represent the diversity of wetland vegetation, their 
impacts and rates of changes using a single sensor, consistent classes or methods and equal 
temporal frequency across the country. Perhaps key focus areas need to be selected for the 
NWMP as soon as possible, where remote sensing products of palustrine wetlands can be 
developed and monitored over the long term. The options are to investigate hotspot areas 
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from the NBA 2018 threatened wetland ecosystem types, and to consider the six Expanded 
Freshwater and Terrestrial Environmental Observation Network (EFTEON) landscapes, 
coordinated by the South African Earth Observation Network (https://efteon.saeon.ac.za/). 
More than six sites should be selected and a consortium of institutions formed that will be 
able to fund and sustain the monitoring required over time. These sites should also be 
supplemented with physical-based sampling of the palustrine wetlands, for example detailed 
floristic sampling of habitat units, to detect fine-scale changes. 

 
The type and rate of degradation in the palustrine wetland biome and ephemeral 

lacustrine/palustrine wetlands are of high importance to further research with remote sensing 
technologies. Land cover products may not be adequate in representing the types and rate of 
changes for palustrine wetlands. NDVI is also too easily and coarsely used for reporting 
changes in palustrine wetlands, without understanding the limitations of the index, or 
measuring the response of vegetation to particular impacts. It is important that we try to 
improve the quantification of changes observed in a wetland or habitat unit relative to the 
natural, inter– and intra–annual cycles to be able to accurately identify extreme or deviations 
from these cycles. 
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Abstract: Rivers integrate what is happening in catchments. They are longitudinal “ribbon” networks within the 
landscape yet contain a disproportionately high number of species and are recognised as the most threatened 
ecosystems globally. Landscape degradation and catchment development lead to increased levels of river 
disconnectivity, and climate change amplifies the effects of such stressors. These leave signatures both on the 
time series of flows and temperatures – the two master abiotic variables; and biological communities. In the 
latter case, impacts may include changes in lifecycle length, and/ or changes in species distributions in response 
to reductions in available suitable thermal habitat. In recognising the importance of, and knowledge gaps in, 
thermal research in river systems, the WRC has funded a number of eco-hydrological studies over the past 15 
years. Beginning with a three-year project in 2008, knowledge on the regional and temporal variations in 
thermographs was deepened, and techniques were developed to statistically describe such time series.  
Biological knowledge, particularly for aquatic macroinvertebrates, was gained both through laboratory studies 
and in biological response models. The identification of thermal thresholds for invertebrates was ground-
breaking, with this research being both highly cited across the globe and also replicated. These methods were 
subsequently extended to understand seasonal plasticity within taxa, and applied to native and non-native fish 
in the Cape Floristic Region. Tools and frameworks have been developed more recently, to assist with screening 
of the relative importance of different thermal impacts, and how to assess risk. Implications are that pest species 
are likely to become worse, while less-common but high conservation value species could begin to drop out of 
ecological communities. Aside from the economic implications of such outbreaks, a shift towards more variable, 
event-driven river systems dominated by generalist species implies a loss of the uniqueness and resilience of our 
rivers. It becomes critical that river connectivity be maintained as far as possible so that river biota will be able 
to adapt. 

Keywords: Aquatic macroinvertebrates; blackfly; fish; freshwater conservation; life history; water temperature 
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1. Introduction 
Primary effects of global climate change will be reflected first and foremost as altered air 

temperatures and precipitation. While the former occurs as a continuous time series, and the 
latter as event-based, both variables have spatial and temporal patterns at a local scale that are 
projected to undergo changes. Further detail and examples of this are provided in Chapters 2 and 
3. Analyses of air temperature and rainfall patterns across South Africa’s national parks already 
indicate changes to both parameters across the country, over the past fifty years [1]. Such data 
would represent a fair surrogate of conditions across the country, given the spread of national 
parks across most of the major biomes. Changes indicate significant increases in air temperatures 
across parks, with changes being more rapid in the more arid regions [1]. Changes in rainfall 
patterns are more complex, but also reflect spatio-temporal changes in seasonality, with higher 
rainfall areas predicted to receive more rainfall, and lower rainfall regions predicted to receive 
less rainfall [2]. 

 
This has important implications for South Africa’s river systems, where primary effects of 

climate change are amplified through the hydrological cycle, and reflected in secondary variables 
such as flow patterns and water temperatures. Of particular significance is that large parts of 
South Africa are already classified as arid – hyper-arid [3]. Fragmentation across a landscape 
compounds impacts on biota by restricting natural movements of species as an adaptation to 
climate change. Specifically for rivers as longitudinal systems within the landscape, 
environmental gradients are particularly pronounced and upstream/ downstream connection is 
critical. 

 
A water temperature regime is the result of a complex interplay of variables at different spatial 

and temporal scales [4]. Incoming solar radiation is, however, the major variable influencing both 
air and water temperatures, with air temperatures acting on water temperatures via convective 
energy exchanges [5]. While air temperature is the variable of greatest leverage affecting water 
temperatures, ultimately a measured water temperature is a product of additional drivers, which 
are in turn acted upon by insulators and buffers [6, 7]. Here, drivers operate beyond the 
boundaries of the stream, and control the rate at which heat and water are delivered to the 
stream system; insulators influence the rate of heat exchange with the atmosphere; buffers store 
heat already in the system, and integrate the variation in flow and temperature over time.  In 
general, as streams become larger, insulating processes become less effective and buffering 
processes become more important [7]. It is thus reasonable to view water temperature as the 
single variable that integrates much of what is happening within catchments. 

 
Water temperatures affect the physical nature of water by, inter alia, changing its density, 

viscosity, and surface tension [8]. Temperature also affects the chemical reactions of solutes 
in water, both by changing the rate of chemical reactions, as well as the types of reactions [9-
11]. A strong link exists between water temperatures and the physiology of aquatic organisms, 
since most are poikilothermic, being either stenothermic (species occupying a narrow 
temperature range), or eurythermic (species occupying a wide temperature range) [10]. 
Metabolic rates, survival rates, growth rates, and fecundity are temperature dependent [9, 
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10, 12-14]. The timing and magnitude of heating and cooling periods act as cues for different 
life history stages of fish and invertebrates, which tend to correspond with critical flows 
volumes, and availability of food, sexual partners and habitats [15]. Temperatures outside an 
organism’s optimal range lead to thermal stress, and in such situations biota will attempt to 
move to more favourable refugia habitats [16]. Distributional patterns are the final 
manifestation of how individuals have been responding to environmental pressures. The 
integrative nature of rivers within catchments means that these are amongst the first systems 
to reflect changes in climate, as manifested by these being the most threatened globally [17]. 

 
Links between species distributions and climate variables have long-been recognised in 

the global and South African scientific community, where studies from the 1950s and 1960s 
linked particular aquatic macroinvertebrate communities to river longitudinal zones and 
hydrological regions [18]. Furthermore, within the thermal zones coincident with species 
distributions, the warm months are often the most important biologically, since it is during 
the summer months that the important life-history processes, such as breeding and growth, 
occur [19]. For example, when unpacked for particular river systems, ichthyological patterns 
observed were largely explained by thermal patterns, as was shown in the Sabie River system, 
one of the most species-rich systems in South Africa [20, 21], with the fish having evolved to 
be in equilibrium with the prevailing thermal regime. 

 
Range shifts of aquatic macroinvertebrates have already been identified and highlighted 

in the scientific literature [22]. Whereas most aquatic insects, but not all aquatic 
macroinvertebrates, have a flighted adult stage allowing these species to more easily track 
change, obligate aquatic species ranging from algae, molluscs and fish are restricted to the 
river channel itself. Pathways for range shifts require understanding of impacts on species, 
based on fundamental research of individual specimens collected concurrently with water 
temperature data. For example, data on frequencies of ghost frog tadpoles within different 
length and mass classes provide an understanding of how water temperatures predict life 
history lengths [23]. Data from this study show that a doubling of heat units halves lifecycle 
length of tadpoles from two years to one year. Similarly, the caddisfly, Chimarra ambulans, 
showed a phenotypically plastic response to temperature, in that more generations 
(trivoltinism) were observed in warmer rivers, in comparison to univoltine populations in 
colder rivers [24]. At a regional-scale level, distribution models based on thermal thresholds 
for different species highlight not only that cool water species are likely to undergo 
considerable range contractions under scenarios of a 2°C increase in water temperatures, but 
also that small differences in thermal stress thresholds between species results in major 
differences in relative adaptability of different species to climate change [25]. Irrespective of 
which scale lens these studies are viewed through, the core lesson is that species adaptation 
becomes a function of river connectivity. 

 
Water temperature has long been recognised as a primary abiotic process structuring 

biotic patterns in rivers, by influencing most of the physical, chemical and biological properties 
of water bodies [26, 27]. There is renewed interest, particularly in the United States and Great 
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Britain, in simulating the thermal regime of rivers and streams, in response to anticipated 
alterations to the natural thermal regime of many rivers as a result of impoundments [28], 
changes in land use, and climate change [29]. The advent of cost-effective, continuous 
temperature sensor technology has made it possible to collect fine resolution water 
temperature data with relative ease [30]. Human impacts change the amount (magnitude) or 
timing of the heat load delivered to the watercourse or by modifying the flow regime [7, 31, 
32]. Additionally, streams differ in their sensitivity to modifications.  Water temperatures at 
different times of the year may not be affected to the same extent by future climate change 
[26, 33]. Any reduction in the buffer efficiency leads to larger swings in cyclical response 
patterns, resulting in higher maxima and lower minima (daily and seasonal) [7]. 

 
The objectives of this chapter were to (i) provide an overview of WRC-funded projects 

over the past two decades to illustrate how investments in research have led to a broader 
understanding of river systems and how these will be impacted by climate change; (ii) 
illustrate selected tools available for assessing these changes; and (iii) provide some thoughts 
and perspectives on the impacts of such changes, gleaned from collective experience. 

2. Materials and methods 

This section is a high-level overview of methods used in extending the understanding of water 
temperatures responses to climate change impacts. Relevant reports are cited that contain more 
detailed information on the methods described here. Such research is not presented in 
chronological order, but rather as a logical framework that illustrates how investments in 
individual projects results in a greater overall understanding of river systems. 

 
2.1. Understanding the stage: Abiotic and biotic patterns in freshwater habitats 

Water temperature, next to flow patterns, is the most important abiotic variable in a river 
system.  Water temperatures very spatially and seasonally, and it is important to gain insights on 
this variability.  Additionally, disruptions to the downstream flow of energy in a river can have 
considerable impacts on biological communities; methods to quantify thermal regimes and 
describe river connectivity thus become important tools for prioritizing conservation efforts on 
river systems. 

 

2.2.1. Understanding thermal signatures [34] 
Water temperature is a continuous variable, varying throughout the day, and along a 

river’s longitudinal axis. Recording such data at suitable time intervals is able to provide 
information on how water temperatures vary across seasons at a particular site, and between 
sites within the same river or different catchments.   

 Programmable data loggers were installed across 100 sites encompassing major 
ecoregions and longitudinal zones of the Eastern and Western Cape Provinces [34] 
(Figure 1) 

 Thermographs were statistically described in terms of the frequency, duration, 
magnitude and timing of defined thermal events. 

 Sites were grouped into thermal types using multivariate techniques. 



102

2.2.2. Understanding biotic patterns down river profiles [35-37]
Alpha diversity refers to the number of species at a particular site, while beta diversity 

describes how aquatic communities change between sites, and what the patterns in turnover 
are. An understanding of where diversity hotpots occur down a river’s axis, and what natural 
rates of turnover are for different taxonomic groups (fish versus macroinvertebrates) provides a 
yardstick against which impacts of climate change on aquatic systems can be measured. 
Representative samples of biota collected relative to environmental gradients are important for 
measuring present distributions and predicting shifts in distribution of taxa in response to climate 
change or reduced river connectivity.

Fish and aquatic macroinvertebrate species data for sites down the longitudinal 
axes of nine rivers in four provinces along the eastern side of South Africa were 
analysed in terms of species richness and turnover. Data represented longitudinal 
species patterns down longitudinal river axes;

A method was developed to identify suitable river segments for sampling and 
monitoring changes in taxon diversity, where representative sampling sites were 
identified using a logistic regression model to predict the probability of site pairs 
that were more than 50% similar as a function of up-/downstream distance.

Figure 1. Installation and downloading are water temperature loggers, in association with collection of air 
temperature data from a logger inside a heat shield. Graph shows a typical association between air and 
water temperature data.



 

103 

 
 
2.2.3. Characterising river connectivity [38-40] 

River connectivity has a number of components: longitudinal connectivity describes the 
extent to which upstream/ downstream connections broken; lateral connectivity describes the 
extent to which overland flow through a catchment is uninterrupted; and temporal connectivity 
describes the extent to which flow or water temperature time series are natural and flow freely 
between seasons. Ecological processes in freshwater lotic systems are disrupted when upstream/ 
downstream connectivity is broken. Changes in catchment land use, catchment density of small 
dams, and instream impoundments result in changes to thermal and flow regimes, which in turn 
affect natural biological turnover patterns and rates, as well as organism exchange and dispersal. 

 Longitudinal connectivity was defined for mainstem rivers in KwaZulu-Natal, with 
relative weights assigned to absoluteness of in-channel barriers.  A cumulative 
score was calculated for each river, based on additive numbers, as well as the use 
of a reset distance 

 A lateral connectivity index was calculated at quaternary catchment scale, based 
on landscape fragmentation and a small dams density score 

 An overall connectivity index was calculated as the sum of lateral and longitudinal 
indices   

 A practical application of this was applied by categorizing catchments according to 
conservation uniqueness and connectivity 

 
2.2. Understanding biological responses to water temperatures 

With the exception of mammals and birds that live in rivers, such as otters and waterfowl, all 
other freshwater organisms are described as “poikilothermic”, meaning that their internal 
temperatures vary in accordance with the environment they are in. In addition to this category, 
species may be defined as eurythermic (able to tolerate wide thermal ranges) or stenothermic 
(thermally sensitive, with onset of thermal stress outside of a narrow thermal envelope). Aquatic 
organisms may be even further classified as a warm-water eurytherm, or a cool-water 
stenotherm. All organisms have a preferred range of temperatures, often termed the ‘optimum 
thermal regime [15], at which optimal growth, reproduction and other measures of ‘health’ are 
greatest. This optimum range is bounded by the thermal tolerance range (i.e. the range over 
which a species may survive) with upper and lower tolerance limits demarcating the thermal 
extremes. Organisms of a given species may survive on either side of this optimal range, but as 
the tolerance limits are approached, signs of stress become evident. The first signs of thermal 
stress are usually behavioural, with avoidance of suboptimal conditions, followed by 
physiological stress (e.g., respiratory, metabolic or excretory rates may increase), reduction in 
egg and/or sperm production and hence in fecundity, and increased susceptibility to parasites 
and pathogens and also to food shortages. 

 
This means that changes to natural thermal regimes may result in lethal effects, acute or 

chronic thermal stress, or sub-lethal effects [41]. It becomes important for aquatic ecologists to 
be able to know what these lethal and sub-lethal thresholds are, in order to understand when 
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the onset of thermal stress begins. Lethal endpoints are commonly estimated using the Critical 
Thermal Method (CTM) or the Incipient Lethal Temperature (ILT) method [38, 42, 43]. Sub-lethal 
effects may include behavioural responses [38] or development effects such as egg development, 
hatching success and life history [24, 44]. 

 
While these thresholds (upper and lower lethal limits) are useful for studies considering 

particular life-history components relative to thermal stress, there is considerable merit in using 
an overarching (or integrating) thermal metric when determining the suitability of a species to a 
particular receiving environment. A commonly used chronic stress threshold is the Maximum 
Weekly Allowable Temperature (MWAT) threshold, which is calculated using experimental 
temperature data. MWAT is regarded as the best overall thermo-physiological integrator [45, 
46], is species specific and is based on a combination of optimal and incipient lethal 
temperatures.  

 

2.2.1. Thermal thresholds of aquatic invertebrates 
Not all families of aquatic macroinvertebrates at a single site will respond in the same way 

to the onset of thermal stress. Certain species will be more sensitive to thermal stress than 
others, leading to differential species losses and gains within a river system. Knowledge on this 
is important for selecting indicator species for identifying climate change impacts.Two methods 
have been used to experimentally measure thermal stress of aquatic invertebrates, expressed as 
upper thermal limits, namely the critical thermal method (CTM) and the incipient lethal 
temperature method (ILT) (Figure 2). These complimentary methods were used to allow for 
estimation of both acute (CTM) and chronic (ILT) thermal limits, thereby providing insight into 
the influence of intensity and duration of thermal stress on survival [see 47]. 

 Critical thermal method: In the laboratory, the CTM is conducted over relatively 
short periods of time (1–2 h) and the thermal stress is short lived (given that the 
animal is removed from the experiment as soon as visible symptoms of heat stress 
are observed). CTM experiments involve heating an organism immersed in a 
chamber in a water bath at a constant rate of 0.34oC per minute using a circulating 
heater (JulaboTM). A predetermined critical thermal endpoint behavioural (CTE) 
response is triggered when locomotor activity becomes disorganised, for example, 
loss of grip, lying upside down and not moving [42]. At this point the organism is 
removed from the water into the recovery chamber. The temperature at an 
organism’s CTE is recorded as the CTmax for each test organism [48]. For each 
species up to 30 individuals are tested to generate a median CTmax for a species. 

 Incipient lethal temperature method: ILT experiments involve placing organisms 
in chambers in glass tanks filled with water heated to five to eight different 
temperatures, including one control temperature. Chambers are checked for 
survival every 24 h for 96 h and LT50 values (the temperature at which 50% of the 
sample survives in a specified time) determined and used to calculate the incipient 
lethal upper temperature (ILUT), which is the temperature survived by 50% of the 
population for 96 h. 
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The ILUT can be used to calculate a biological threshold, expressed as Maximum 
Weekly Allowable Temperature (MWAT), using the formula: MWAT=OT+((ILUT-
OT))/3, where OT is optimal temperature, and ILUT is the Incipient Lethal Upper 
Temperature.

Figure 2. A: Water bath and immersion heater with recovery tubs for critical thermal method (CTM) 
experiments; B: aquaria tanks, immersion heaters and experimental chambers for incipient lethal 
temperature method (ILT) experiments; C: Experimental chambers.

2.2.2. Thermal preferences of aquatic invertebrates
Thermal preference experiments are choice experiments, by which the preferred 

temperature of a group of organisms can be determined. These experiments are undertaken 
using thermal gradient tanks (Figure 3), which allow for the estimation of temperatures 
completely avoided and those preferentially migrated to over time. In this way it provides insight 
into the range of temperatures that an organism is able to utilise allowing for comparison with 
sub-lethal and lethal effects. 

A horizonal thermal preference tank, which generated at 14° gradient, was 
designed with water temperature loggers, copper cooling pipes and aquarium 
heaters.

Logged water temperatures in the thermal gradient tank were used to generate a 
“preference temperature” (Tp) for each organism following release and one hour 
of settling in the tank. 

A

CB

A

B
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2.2.3. Sub-lethal effects of water temperature on egg development 
This was investigated in three mountain stream insects, Lestagella penicillata 

(Ephemeroptera: Teloganodidae), Aphanicercella scutata (Plecoptera: Notonemouridae) and 
Chimarra ambulans (Trichoptera: Philopotamidae) from the winter rainfall Western Cape 
Province, South Africa. Eggs of each species were incubated after fertilisation at six temperature 
treatments across the range of 5 – 30 °C. Total development time required for 50% hatch, total 
hatch success, duration of the hatching period, upper and lower thermal limits for development, 
were calculated for each species [44]. 
 

2.2.4. Thermal thresholds of native fish from the Cape Fold Ecoregion (CFE) 
The lack of physiological information on native fishes in the CFE is considered a major 

bottleneck in understanding their biology, ecology, distributions and behaviour [49], and 
constrains the understanding of the potential consequences of climate change for their survival 
[50]. The CTM method described in the sub-section 2.2.1 were applied to selected native fish 
species in the CFE.   

 The CTM is appropriate for use with endangered species as alternative methods, 
such as the ILT, requires death of the test individual, and is thus not suitable for 
thermal experiments on native fish species. 

 Target species were selected from the four major endemic fish families in the CFE, 
namely Anabantidae, Austroglanididae, Cyprinidae and Galaxiidae [50].  

 The endpoint (CTE) of the experiment for an individual fish was the observed loss 
of righting response, where the individual lost complete ability to remain upright.  

 

 2.2.5. Thermal preferences of native fish from the Cape Fold Ecoregion (CFE) 
The thermal preference method described in the sub-section 2.2.2 was applied to 

selected native fish species in the CFE (Figure 2.2). 

 Fish were added to the thermal gradient tank and allowed to settle for 30 minutes, 
after which heating and cooling gradually established the thermal gradient over 
three hours. The experimental phase commenced with tanks checked at 10-
minute intervals, with the number/frequency of fish in each 25cm thermal section 
recorded. Three experimental tanks were paired with three control tanks, which 
were used to discount stress effects on fish and where temperature remained 

tanks.  

 Logged water temperatures in the thermal gradient tank were used to generate a 
“preference temperature” (Tp) for each fish. 
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Figure 3: Diagram showing experimental setup for estimating thermal preference using thermal gradient 
tanks, with the cold pole (left) and the warm pole (right).

2.2.6. Spatial and seasonal plasticity between and within species of aquatic invertebrates and fish
The thermal history (i.e., thermal characteristics of an organism’s environment) of an 

organism is an important measure of its relative resilience to climate change. Consequently, 
knowledge on the extent to which thermal thresholds vary between sites, and between seasons, 
for the same species, provides an indication of species-specific thermal plasticity. Spatial and 
temporal (seasonal) variability in upper thermal limits, expresses as CTmax and ILUT, was 
investigated as follows:

Spatial variability in upper thermal limits for the mayfly, Lestagella penicillata
(Teloganodidae), and the stonefly, Aphanicerca capensis (Notonemouridae), from 
six rivers in the Western Cape [57].

Spatial variability in upper thermal limits for nine families (Notonemouridae, 
Perlidae, Heptageniidae, Leptophlebiidae, Teloganodidae, Tricorythidae, 
Philopotamidae and Blephariceridae) of aquatic invertebrates from 18 rivers in 
five geographical regions of South Africa, including the Western Cape, Southern 
Cape, Eastern Cape, Mpumalanga and KwaZulu-Natal [38].

Spatial variability in upper thermal limits of one native CFE fish genus, 
Pseudobarbus, and two species, Pseudobarbus phlegethon and Sandelia capensis, 
from five, two and three rivers, respectively, in the CFE [50].

Spatial and temporal variability in upper thermal limits of an endemic CFE fish 
species, the Cape Galaxias, Galaxias zebratus, from ten sites on six rivers on the 
Cape Peninsula, Western Cape [52].

Temporal variability in upper thermal limits of two cold-adapted stenotherms: the 
amphipod, Paramelita nigroculus (Paramelitidae), and the mayfly, Lestagella 
penicillata (Teloganodidae), from two rivers in the Western Cape [48].

Temporal variability in thermal preference of two native fish species, 
Pseudobarbus burgi and Pseudobarbus afer, from two rivers in the CFE [51] (Figure 
4).
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Figure 4. Fyke net set on the upper Berg River. (Photo: Helen Dallas) 

 

2.3. Counting the potential cost 
Biological thermal thresholds, when coupled with thermographs, provide the capability 

to develop ecological response models to simulate responses to changes in water temperature 
regimes under different scenarios. Models may take a variety of formats, with our focus being on 
life history or probability models.  Such models have been applied over the WRC’s blackfly 
research programme, and well as being integrated into a framework for assessing thermal risk 
and resilience. 

 

2.3.1. Life history, probability and species distribution models 
Successful completion of an organism’s lifecycle is much more likely to happen when an 

organism is able to inhabit its optimal or preferred thermal niche. The progression from one 
lifecycle stage to another (for example, onset of pupation), hatching and breeding success and 
fecundity, are all dependent on water temperatures. Linking such events to thermal time series 
allows ecologists to not only better understand river systems, but also assess relative threats and 
risks to perturbations including global climate change. 

 Laboratory-controlled hatching experiments of various aquatic macroinvertebrate 
species, to provide basic scientific information on critical thermal thresholds 
controlling hatching success and life cycle duration [24,38] 

 Logistic regression models predicting the probability of hatching success or 
occurrence for selected species, based on thermal thresholds [53] 

 Species distribution models for fish in the Cape Fold Ecoregion, using species 
presence data with a number of spatial predictor variables (hydrological, 
meteorological and topographic) [51] 

 

2.3.2. Blackfly research  
One of the ecological consequences of reduced river connectivity is where pest-level 

outbreaks of the blackfly Simulium chutteri has occurred downstream of major impoundments 
in a number of rivers in South Africa. While blackfly adult females cause the economic losses by 
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requiring a blood meal from livestock for successful egg laying, it is the prevailing thermal and 
hydraulic conditions that determine the likelihood of an outbreak due to successful and prolific 
larval development. For the past thirty years, the WRC has funded a number of projects to better 
understand blackfly ecology and river conditions. Not only did this provide the science necessary 
for developing a successful blackfly control programme, but when integrated into ecological 
models, the capability exists to evaluate impacts under different climate change scenarios. 

 Development of a Bayesian network probability model linking multiple 
environmental and ecological variables into a predictive tool to indicate 
probability of pest blackfly outbreaks under different thermal and flow conditions 
[54] 

 Linking economic data on relative benefit-cost ratios and losses to the stock 
industry, to climate change scenarios 

 Understanding the dynamics of system switches between clear and turbid states 
within the Orange River, by sampling 14 sites in the middle and lower Orange River 
for blackfly species and abundances, presence of benthic algae, and water quality 
and turbidity seasonally between November 2015 and December 2016.  Data were 
applied to an event-based probability model to assess impacts of flow patterns 
and climate change on the number of switching events (= system resets) per 
annum [55] 

 Three scenarios (increased water temperatures; increased flows and combined 
effects of flows and temperatures) were applied to existing outbreak probability 
models for both the Great Fish River and the Orange River 
 

2.3.3. Tools and frameworks [56] 
All of the research described in the previous sections is not always directly translatable 

into an applied product that dovetails with existing water legislation. Consequently, funded 
research was undertaken to assimilate these information and expertise into a framework for 
practitioners to apply the thermal knowledge to impact assessment and resource quality 
objectives. 

 Development of a screening tool to assess whether thermal impacts should be 
assessed further or not. This included a risk matrix of thermal effects based on 
magnitude of impact and likelihood of occurrence. Relative potential ecosystem 
resilience was calculated for quinary catchments for all of South Africa, based on 
five important and spatially representable metrics (groundwater depth; natural 
vegetation cover; stream order; flow predictability and water stress) 

 Frameworks and flowcharts of how to define reference water temperature 
thermographs using observed data, or to generate data from air temperature 
data. 

3. Results 
This section lists key findings of various studies in terms of thermal patterns and biological 

responses to thermal stresses. 
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3.1. Habitat template: abiotic patterns 

3.1.1. Thermal signatures of rivers 

Hourly water temperatures over at least a year can be statistically described and compared 
using 39 metrics based on the magnitude, frequency, duration and timing of thermal events: 

 Correlation between many of the metrics was high, such that thermal time series 
can be described using a smaller suite of metrics 

 Sites can be classified into thermal groups using this approach. For example, 82 
sites from 48 rivers in ten catchments were classified into 11 thermal groups 
defined in terms of various thermal gradients 

 Thermal groups reflect relative cool versus warm water conditions, groundwater 
inputs, and thermal variability 

 The use of thermal groups provides the capacity to generate statistically robust 
thermal reference conditions for thermal types, and measure quantifiable 
departures from this in terms of changes of timing, frequency, magnitude and 
duration of thermal events 

 

3.1.2. Biotic patterns down river profiles 

Fish proved to be not useful for mapping biodiversity patterns, as measured by turnover, 
whereas aquatic macroinvertebrate species patterns exhibited predictable patterns of turnover 
with downstream distance: 

 Alpha diversities peaked in the upper third of river lengths; beta diversities 
showed predictable exponential decay rates down river axes 

 Average turnover rates could be decomposed into turnover of common (‘core’) 
species, which were accelerated by presence of rare and narrow-range species 

 Disruptions to the river continuum impacted on the rate of turnover. Aquatic 
macroinvertebrate communities could be grouped into upland versus lowland 
assemblages, and also be defined by longitudinal zones 

 Application of the model to a 370 km-long river indicated that 14 sites should be 
selected for sampling to capture overall biodiversity patterns. 
 

3.1.3. River connectivity 

A comprehensive connectivity index for rivers was generated, which can be used as a 
spatial product to prioritise areas of freshwater importance within the province of KwaZulu-
Natal, South Africa: 

 275 instream barriers were found along a total river length of 7,900 km (stream 
order 2 and above; 1:500 000 scale) in KwaZulu-Natal, extending over four primary 
catchments and 214 quaternary catchments 

 Fifty-six per cent of the overall river length was disturbed by one or more barriers, 
with only c. 25% of rivers with an average length of 45 km showing undisturbed 
free-flowing conditions, with most as tributaries 



 

111 

 River disconnectivity generally increased with increasing stream order 

 Reduced connectivity had an impact on river time-series signatures. 

3.2. Understanding biological responses to water temperatures 

3.2.1. Thermal thresholds for aquatic macroinvertebrates  

Based on thermal experiments on individual organisms across a range of aquatic 
macroinvertebrate families, thermal thresholds for CTmax were successfully calculated for 29 
families, 54 genera and 30 species. ILUTs were calculated for 13 families, nine genera and nine 
species. Biological thresholds (MWAT) were determined for nine families, seven genera and five 
species [38]. 

 Most thermally sensitive taxa were in the order Amphipoda and the EPT taxa [in 
order of sensitivity: Plecoptera (stoneflies), Trichoptera (caddisflies) and 
Ephemeroptera (mayflies)], as well as the net-winged midges (Blephariceridae) 

 Least thermally sensitive orders include the bugs, beetles, dragonflies and snails 
(Hemiptera, Coleoptera, Odonata and Gastropoda) 

 Medium CTmax varied from 26.5oC (Blephariceridae) to 42.3oC (Gyrinidae) 

 Median ILUT varied from 23.2oC (Plecoptera: Aphanicerca capensis) to 33.9oC 
(Aeshnidae) 

 There was a significant positive linear relationship between ILUT and CTmax [42] 

 MWAT thresholds varied amongst taxa and rivers ranging from 15.8oC to 20.9oC 

 MWAT was significantly correlated with mean annual temperature (MAT) and thus 
MAT can be used to provide an estimate of MWAT with a medium confidence level 

 Upper thermal limits, expressed as CTmax, were used to develop a prototype 
Thermal Sensitivity Index. A Thermal Sensitivity Weighting was assigned to each 
South African Scoring System (SASS) taxon, with the weighting derived from a 
combination of an estimate of thermophily and thermal limits [34]). This index 
provides an indication of the thermal sensitivity of taxa at a site and provides an 
indication of the vulnerability of the site, and its taxa, to climate warming. 
 

3.2.2. Thermal preferences (Tp) of aquatic macroinvertebrates  

Preliminary mean Tp was calculated for eleven families of aquatic invertebrates.  

 Thermal preference varied from 15.5 to 20.2oC [38] 

 Problems encountered included variability in the migration of organisms along the 
thermal gradient, which differed amongst taxa with some taxa very mobile and 
other less mobile 

 Recommendations for future experiments included the inclusion of a control tank 
and further replicated trials to increase confidence in results 

 

 
3.2.3. Sub-lethal effects of water temperature on egg development  
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 Successful egg development and hatching occurred between 10 and 20°C for L. 
penicillata, with highest percentage hatch (90%) at 10, 15 and 20°C treatments 

 For A. scutata successful hatching also occurred between 10 and 20°C, but 
hatching success was reduced (~ 30%) at 20°C compared to ~ 80% hatching success 
at 10 and 15°C treatments 

 For C. ambulans, successful development and hatching occurred over a wider 
range of temperatures (10 – 25°C) but with lower (5 – 20%) and more variable 
hatching success at all temperatures [44] 
 

3.2.4. Thermal thresholds of native fish from the Cape Fold Ecoregion (CFE)  

Based on thermal experiments on individual organisms across five rivers in the CFE, 
thermal thresholds for CTmax were successfully calculated for eight species of freshwater fish 
[51]. 

 Upper thermal limits varied significantly between species (Figure 5) 

 Cape galaxias (Galaxias zebratus), Breede River redfin (Pseudobarbus burchelli), 
Berg River redfin (Pseudobarbus burgi), Clanwilliam redfin (Pseudobarbus calidus) 
and fiery redfin (Pseudobarbus phlegethon) were the most thermally sensitive 
(CTmax = 29.8–32.8oC) 

 Clanwilliam rock-catfish (Austroglanis gilli), Eastern Cape redfin (Pseudobarbus 
afer) and Cape kurper (Sandelia capensis) were moderately sensitive (CTmax = 
33.0–36.8 oC) 

 It is important to note that the upper thermal limit, expressed as CTmax, represents 
an acute lethal limit, with fish exhibiting behavioural stress over a short time 
period of approximately 1 to 2 hours 

 Thermal tolerance data demonstrate that resilience to climate warming follows a 
geographical cline and that within the CFE, the more sensitive western species and 
regions are conservation priorities 

 Generally, thermal tolerance (and thermal preference) of CFE fish fell below those 
for warm-adapted non-native species (e.g. centrarchids), but above cold-adapted 
non-natives like trout (e.g. salmonids) 
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Figure 5. Boxplot showing median, quartiles and range of thermal tolerance, expressed as CTmax, for all 
species in the Western Cape ordered from most thermally sensitive to least thermally sensitive. (Rivers 
denoted as follows: D=Driehoek, R=Rondegat, A=Amandel, B=Berg and F=Fernkloof). All illustrations are 
©NRF-SAIAB.

3.2.5. Thermal preferences of native fish from the Cape Fold Ecoregion (CFE)

Thermal preferences were estimated for seven species of native freshwater fish from five 
rivers in the CFE [51]. 

Thermal preference varied significantly between species, with G. zebratus
showing a preference for the coolest temperature (18.7oC), and S. capensis
showing a preference for the warmest temperature (27.7oC) (Figure 6).

Median CTmax and preferred temperature were correlated

Figure 6. Boxplot showing median, quartiles and range of thermal preference for all species in the Western 
Cape from coolest to warmest preference. (Parentheses denote the River; A= Amandel, B= Berg). All 
illustrations are ©NRF-SAIAB.
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3.2.6. Spatial and seasonal plasticity between and within species of aquatic invertebrates and 
fish 

Thermal history of an aquatic organism reflects the antecedent in situ water temperature 
of the river, with upper thermal limits and preferences within a species varying from one river 
to another, and over time with season.  

 Median CTmax and ILUT varied significantly amongst rivers for both L. penicillata 
(CTmax: 29.1 to 34.2; ILUT: 19.3 to 23.3oC) and A. capensis (CTmax:28.2 to 32.3oC; 
ILUT: 20.8 to 23.2oC) [57] 

 Species specific thermal limits varied amongst rivers by as much as 5.7oC for CTmax 
and 4.0oC for 96 h ILUT. A. capensis had a lower MWAT threshold (17.0 oC) than L. 
penicillata (19.0oC) [57] 

 CTmax values varied significantly amongst geographic regions for all families 
examined [38]. Differences were often evident amongst winter versus summer 
rainfall regions 

 CTmax differed significantly among species within the genus Pseudobarbus (30.1 to 
35.1oC) and within the species P. phlegethon (30.3 and 32.7oC) and S. capensis 
(34.8 to 36.8oC), with higher CTmax from species resident in streams with higher in 
situ water temperatures [51] 

 Focusing on a single species, G. zebratus, upper thermal limits were strongly 
related to thermal history. Median CTmax values for G. zebratus ranged from 30.0oC 
to 32.5oC in spring/early summer 31.3oC to 33.4oC in late summer. Fish from 
warmer sites had higher upper thermal limits compared to fish from cooler sites; 
and fish generally had higher upper limits during the warmer late summer period 
(January to February) compared to the spring/early summer period (November to 
December) [52] 

 Upper thermal limits varied significantly with season for the amphipod, P. 
nigroculus, and the mayfly, L. penicillata, confirming that seasonal acclimatisation 
of both species occurred. Greatest differences were observed between summer 
(highest upper limit) and winter (lowest upper limit) [48] 

 The rate of change in water temperature influenced thermal stress, with P. 
nigroculus more vulnerable to rapid increases in temperature, compared to L. 
penicillata, which appears more vulnerable over longer durations. Thus, both the 
intensity and duration of thermal stress influence survival [48] 

 The proportion of time within a 24-h period that chronic thermal stress thresholds 
are not exceeded provides a measure of monthly or seasonal chronic thermal 
stress and reflects the quantity of temporal thermal refugia for vulnerable 
organisms [48] 

 Thermal preference of Pseudobarbus burgi and Pseudobarbus afer was 
significantly higher in summer in comparison to spring for P. burgi 

P. afer 
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 From these thermal experiments it is clear that both spatial and temporal variation 
in upper thermal limits is evident across a range of aquatic invertebrate and fish 
species. The extent to which species thermal limits varies across sites and seasons, 
provides an important measure of its relative resilience to climate change. 

 From a biological threshold perspective, these studies have demonstrated that 
upper thermal limits are related to one or more statistics used to summarise water 
temperature data.  

3.3 Counting the potential cost  

3.3.1. Life history, probability and species distribution models 
Spreadsheet probability and logistic regression models showed that cold-adapted 

Gondwanaland relict species are likely to become increasingly vulnerable and range limited, 
whereas multivoltine pest species are likely to become more abundant under scenarios of 
increased water temperatures. There will be clear ecological “winners” and “losers”, where 
life-history trains help in predicting species responses. For example: 

 The univoltine mayfly, Lestagella penicillata, noteworthy as a conservation species by being a 
Gondwanaland relict species, is likely to undergo significant range contraction, especially 
when water temperatures exceed its biological thermal threshold by 60 days per annum, and 
especially when this occurs as a successive number of days. This could occur through increased 
probability of breeding failure [53] 

 The multivoltine pest species of blackfly, Simulium chutteri, is predicted to benefit from 
warmer water temperatures. This will be reflected in larger populations and more generations 
per annum [53] 

 Cold-water fish species are expected to undergo substantial habitat reduction in response to 
warming water temperatures [25,51] (Figure 7). This has implications both for prioritising cold-
water stenothermic native fish species for conservation, and management of non-native fish 
species ranked by thermal sensitivity [25] 
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Figure 7. Occurrence data points for O. mykiss (top) in primary catchment areas in the Cape Fold Ecoregion 
(CFE). Primary river catchments included in the CFE are: A=Berg, B=Olifants-Doring, C=Breede, D=Gouritz, 
E=Coastal, F=Gamtoos, H=Sundays, G=Swartkops. The insert shows the location of the CFE in South Africa. 
The lower figures show predicted probabilities of occurrence for the O. mykiss for (a) present-day, (b) 
present-day +2 °C water temperature scenarios, based on species distribution models [51]. 
 

3.3.2. Blackfly research 
Pest-level blackfly populations have not reached their upper ecological limit in terms of 

carrying capacity in the two river systems studied and that there remains additional niche space 
for blackfly expansion, presenting a problem that is likely to be exacerbated by predicted climate 
change: 

 Logistic regression models, time series analyses, and multivariate ordinations showed that 
clearer water favours benthic algae and non-pest blackfly species, while high turbidity favours 
the major pest black fly species. These switches appear to be less frequent under post-
impoundment conditions. Under an assumed 2°C increase in water temperatures, system 
switches are predicted to become even less frequent 

 The current seasonal variation in the likelihood of pest outbreaks is replaced by high perpetual 
outbreak probabilities (Figure 8) 

 Interactions between major environmental variables become synergistic, with major cost 
implications to regional economies 

 Lessons from this study can be generalised and used as a means of predicting similar 
synergistic effects in other aquatic macroinvertebrate disease vectors (such as bilharzia vector 
snails and mosquitoes) in response to global climate change 
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Figure 8. Larvae of pest blackfly at pest-level densities on a reed (left); schematic of Bayesian network 
predictive model for blackfly outbreaks based on system variables and their states; and monthly outputs as 
outbreak probabilities under pre-impoundment, post-impoundment (current) and future climate change 
scenarios [58].

3.3.3. Tools and frameworks [56]
Following extensive consultation with water resource practitioners via questionnaires, 

workshops and individually; there was a unanimous recognition that water temperature 
urgently needs to be routinely monitored in South African rivers. The following tools were 
provided within the framework:

Recommended water temperature models based on whether site falls within an upland or 
lowland catchment (Figure 9)

Key thermal impacts and their prevalence in South African rivers have been tabulated, and 
management and mitigation options outlined

Biological effects of changes in water temperature (and flow) on river organisms are 
described and categorised as physiological, metabolic, phenological, reproductive, 
behavioural or ecological

National maps of potential system resilience (Figure 10) and model accuracy
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 A prototype Thermal Sensitivity Index (TSI) based on aquatic macroinvertebrates has been 
developed, whereby each taxon is assigned a Thermal Sensitivity Weighting based on a 
combination of an estimate of thermophily and thermal limits determined experimentally 
 

 
Figure 9. Lowland and upland regions of South Africa defined according to quinary sub-catchments, as a 
part of a thermal framework to assist in choosing water temperature models and assessing thermal risk to 
aquatic systems [56]. 
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Figure 10. Map of Thermal Resilience giving Total Resilience Score (TRS) (low resilience = red; high 
resilience = blue).  Inset shows a hypothetical radar plot of the relative importance of five site variables 
potentially affecting system resilience for a highly resilient site (blue) and a low-resilience site (red) [56] 

4. Discussion 

Water temperature is a fundamental index used to determine the nature of an aquatic 
environment [59], because of its role in the life histories of aquatic organisms. Furthermore, 
“temperature prediction may be used as a first step in predicting the effect of man’s activity on 
the aquatic ecosystem of a body of water” [60]. Predicting water temperatures, and changes to 
water temperature regimes, is important for anticipating the potential impacts of temperature 
changes on the provision of ecosystem services, such as fisheries [13,61-63]. However, the 
general paucity of water temperature data, compared to river flow data, is a global problem, 
reflecting the later interest in water quality issues compared with water quantity issues. Data for 
Africa are particularly scarce [4,11], and river temperature data, where it does exist, may have 
been collected incidentally during other aquatic studies [64].   

 
Mean daily water temperature is considered a poor ecological measure, and it is rather the 

accumulation of daily maximum temperatures above a critical threshold that affects fish 
condition and distribution [16,19,46,65]. The best predictor for presence or absence of trout 
(Oncorhynchus kisutch) was the number of days a site exceeded a critical temperature threshold 
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[66], and that single temperature values correlated poorly with fish presence and absence. The 
cumulative effect of daily maximum water temperatures has been shown to have the greatest 
effect on the distribution of aquatic species [16,19,46,65,67]. Therefore, a water temperature 
model that is appropriate to river ecologists, should predict ecologically significant water 
temperature characteristics, such as daily maximum water temperatures.   

 
Water temperature simulation models are able to provide data for use in constructing 

thermographs for a river. The most common ecological use of these models is that the output 
can be used as inputs into plots of cumulative heat units, such as duration curves and degree 
curves. Temperature duration curves (percentage time versus temperature) are useful in 
comparing sites, while cumulative degree curves (hours, days) are useful in showing the 
sequence in which water is heated over time [68], thereby quantifying the cumulative warmth in 
a season at a particular location [16]. Cumulative degree curves are useful for evaluating the 
potential of a stream to achieve or maintain a temperature below a given threshold [16,68], and 
are a measure of average temperature reached and the time for which it is maintained [64]. 
Furthermore, degree units (days or hours) are a useful criterion for comparing temperature 
regimes between sites, and for relating field results to experimental data [64]. These curves take 
into account magnitude and duration of departure from a chosen threshold temperature [16]. 
Degree hour curves can be used for establishing threshold levels for population distributions 
[15,64], and have often been used to predict year-class strength of certain species of fish [69]. 
Growing degree days have been used extensively in crop yield modelling because they link a 
plant’s growth stage to environmental cues rather than calendar days [70]. 

 
The extent to which drivers and buffers modify the thermal regime of rivers in South Africa is 

not known. The identification of the magnitude of selected thermal modifiers within the South 
Africa context would provide insight into management of thermal changes in river systems. 
Human alteration of insulators and buffers, for example changing groundwater dynamics, 
channel morphology and turbidity, are critical pathways of human influence on channel water 
temperatures [7]. What is known is that upper catchment river systems and their biota are most 
susceptible to climate change impacts [37]. This is due to a number of factors, including 
prevalence of cold-water stenothermic species and steep thermal gradients over narrow river 
lengths.   

 
Ecological impacts are demonstrated using amphibians as a case study. Within the broader 

literature, amphibians have been shown to exhibit thermoregulatory behaviour, with increased 
mortality linked to increased deviation from preferred thermal optima [71]. On a global scale, 
impacts of climate change on amphibians have been highlighted to include, inter alia, not only 
range shifts, but also a number of direct and indirect effects, including changes in community 
structure, competitive interactions and pathogen–host interactions [72]. Given the wide 
altitudinal distribution range of Natal cascade frogs, it is unlikely that increased water 
temperatures in response to global climate change will result in rapid range shifts of these frogs, 
based on their aquatic stages. This study suggests that, instead of this occurring [(see, for 
example, 73,74], it is more likely that the duration of the aquatic tadpole stage will be reduced 
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from two years to one year, with a possible gradual attrition on low-altitude populations resulting 
from diminished condition and fecundity. This has a number of possible implications, none of 
which can be tested without further data, but which have merit in forming hypotheses. These 
include reduced exposure to predation resulting from a shortened aquatic stage, which may 
impact positively or negatively on Natal cascade frog population sizes. A second unknown linked 
to predation relates to how climate change may impact on the distribution of predators, and in 
the absence of predators there may be an increase in abundance at higher altitudes. Notably, 
warmer water temperatures are detrimental to trout populations [75]. Unknowns resulting from 
the consequences of altered life-cycle length may relate to how adult frogs may cope with 
increased air temperatures; and how changes in water temperature translate into changes in 
body size and fecundity, since, certainly in aquatic macroinvertebrates, cooler water 
temperatures result in larger, more fecund individuals [76]. Two further unknowns, both of which 
advocate strongly for taking the precautionary approach of maintaining habitat connectivity and 
integrity, are the effects of climate change on stream hydrology and water velocities, and the 
potential for synergistic food web asynchronies to result from changes in lifecycle duration and 
timing, all of which are connected to periodicity and predictability. Practical management options 
could include mitigation of physical habitat loss due to sedimentation and altered flows through 
catchment management – e.g. control of alien vegetation and maintenance of riparian zones. 

 
Expanding these outcomes into general principles, likely impacts of global change in South 

African rivers include homogenisation of aquatic communities, measurable as a loss of beta 
diversity; dominance by generalist species and loss of individual river species signatures [77,78]. 
Rare and narrow-range species will be the first to be lost, and will probably go unnoticed since 
turnover is driven by common species. However, given differential responses to thermal stress, 
and different levels of thermal stress plasticity, climate change is likely to result on substantial 
reorganization of aquatic communities, with a ripple effect through trophic levels. Implications 
are that pest species are likely to become worse, while less-common but high conservation value 
species could begin to drop out of ecological communities.  Aside from the economic implications 
of such outbreaks, a shift towards more variable, event-driven river systems dominated by 
generalist species implies a loss of the uniqueness and resilience of our rivers. It becomes critical 
that river connectivity be maintained as far as possible so that river biota will be able to adapt. 
We propose management options that include maintaining river connectivity and dam re-
operation as potential mitigation measures. 

 
Given the limited resources for conservation actions, tools that allow identification of 

catchment “hotspots” for interventions assist with gaining maximum river system leverage for 
least cost. Such hotspots have been shown to be an effective catchment conservation approach 
[79]. The thermal resilience map provides one such hotpot identification tool, which, if combined 
with river connectivity spatial layers and species thermal tolerance data, creates an objective and 
repeatable approach to maximizing targeted conservation inputs. River connectivity is 
fundamental to resilience and persistence in aquatic ecosystems. Sadly, a recent study published 
in the journal Nature showed that only 37% of rivers > 1000 km long remain free-flowing globally 
[80]. While impoundment, channelisation and water abstraction of rivers are not new issues, the 
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stakes have become higher in the past few decades. Indicator organisms for climate change 
monitoring include “detectors” and “sentinels”. The former are naturally occurring species that 
are suitable indicators of environmental change, while the latter are non-native organisms that 
are sensitive to environmental change, and have the potential to act as early warning “devices”.  
Responses may be measured in terms of changes in distribution, abundance, physiology and 
phenology. An example of a thermally sensitive “detector” species in the Western Cape is the 
Gondwanaland relict species Lestagella penicillata (Ephmeroptera: Telaganodidae). A suitable 
“sentinel” species is rainbow trout, which, while considered as an alien invasive species, 
nevertheless functions as a highly thermally sensitive species to warming temperatures in upper 
catchment streams. 

 
Both indicator types are useful in climate change monitoring programmes, especially when 

they incorporate Citizen Science. This idea has already been pioneered in Australia in the early 
2000s.  Published studies are already available for South African rivers where response curves 
have been established for thermally sensitive species to changes in flows and water 
temperatures. These have the potential to be linked to selected catchments chosen on the basis 
of their flow regime type and conservation value.  Given that there are high levels of data 
redundancy between sites in thermal data, monitoring networks can be optimized to provide 
maximum data for most efficient cost [81]. The scientific benefits of such a programme are also 
clear, because though a long-term monitoring programme where trend and system change can 
be detected in an early warning system, mitigatory interventions can be tested in an adaptive 
management approach. 

5. Conclusions 

Our rivers may already be at tipping point for an extinction debt to be paid. This will play itself 
out in the loss of specialist and/ or unique species, and replacement by generalist and 
opportunistic species, and heightened levels of alien invasions. The very real potential exists for 
riverscape to start to resemble agricultural landscapes, where biodiversity is homogenized at the 
expense of ecosystem resilience and provision of natural services. Single species dominance and 
proliferation of pest species are outcomes of this process. The only viable mechanisms of 
mitigating against this unrecorded process of attrition will be through carefully designed 
monitoring networks, and facilitating river connectivity wherever possible. 
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Abstract: The South African coastline has 290 estuaries that span over four biogeographic zones and support 
seagrasses, salt marshes and mangroves. These coastal wetland habitats provide a multitude of ecosystem 
services, but these services are threatened by the impacts of climate change. Predicted effects include sea level 
rise, increased sea storms and wave height, increased flood intensity, droughts, closure of estuary mouths 
salinisation, and increased atmospheric CO2 and temperature. These impacts alter key abiotic stressors such as 
inundation patterns, salinity gradients and sediment biogeochemistry. Sea level rise raises concerns of habitat 
loss due to coastal squeeze and macrophyte dieback due to mouth closure and the associated changes in salinity 
and inundation regimes. Droughts may also increase mouth closure and salinity leading to changes in coastal 
wetlands. More intense sea storms and flooding can lead to increased deposition of sediments resulting in the 
smothering of mangroves and salt marsh. Increased temperatures are expected to facilitate the encroachment 
of mangroves into salt marsh habitats. The biogeographical patterns observed along the South African coastline 
present an important opportunity for climate change research as the transition between subtropical and warm 
temperate regions and between cool temperate and warm temperate regions are expected to be significantly 
influenced. Conservation and management plans need to include future changes in climate to ensure the 
protection of estuarine ecosystems at the southern tip of Africa.  

Keywords: Estuary, macrophyte response, multiple stressors, sea level rise, coastal storms  
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1. Introduction 
The estuaries of South Africa host important coastal wetland habitats (seagrasses, salt 

marshes and mangroves) that provide a multitude of valuable ecosystem services. Estuaries 
are dynamic environments at the interface of the land and the sea, thus are subjected to 
multiple natural stressors. Coastal areas have also been historically heavily populated; thus 
estuaries are susceptible to anthropogenic activities associated with transformation and 
development. In South Africa, estuaries are under high anthropogenic pressure and most of 
the estuarine area has already been impacted to some extent [1]. The natural stressors acting 
on estuaries will be altered with climate change and acting synergistically with anthropogenic 
pressures, threaten estuarine habitats over a range of spatial extents and temporal periods 
[2,3]. An understanding of how climate change will affect coastal wetlands is necessary for 
producing realistic and achievable management and conservation strategies and plans.  

 
The South African coastline, spanning roughly 3,000 km, covers four biogeographical 

regions. In the country’s north-eastern corner lies the tropical region, which transitions into a 
subtropical region on the east coast, the warm temperate region on the southern coast, and 
the cool temperate region along the west coast. Furthermore, the variation in climatic, 
oceanographic and geological characteristics along the South African coast results in a 
diversity of estuarine ecosystems. The country’s 290 estuaries have been classified into nine 
ecosystem types based on key ecological features and biogeographic settings [4,5]. The 
variation in estuary type and climate result in local and regional differences in abiotic 
stressors, which influences the distribution of macrophytes throughout South African 
estuaries [6]. The diverse climate and estuarine types of South Africa presents a unique 
opportunity to investigate the response of coastal wetland habitats to climate change. 

 
  Six distinct macrophyte habitat types occur in South African estuaries: submerged 

macrophytes, salt marsh, reeds and sedges, mangroves, swamp forests and macroalgae (Table 
1, Figure 1) [6,7]. Submerged macrophytes such as the endangered seagrass Zostera capensis 
occur mainly in the country’s permanently open estuaries [8]. The fresher and calmer 
conditions of temporarily closed estuaries (TCEs) and estuarine lakes often allow for the 
establishment of other submerged macrophyte species like Ruppia cirrhosa and Stuckenia 
pectinata [6]. Salt marshes occur in sheltered estuaries throughout South Africa with the 
greatest area occurring in the cool temperate and warm temperate regions, respectively [9]. 
Salt marsh plants occur in zones along a distinct tidal inundation gradient (Figure 2). Reeds 
and sedges (e.g. Phragmites australis, Schoenoplectus scirpoides and Bolboschoenus 
maritimus) are the most widespread and dominant (in terms of area cover) habitat type 
nationally and are typically found in fresh and brackish areas of estuaries across all 
biogeographical regions [6]. Mangroves grow in 32 sheltered estuaries along a 1800 km 
stretch of the east coast spanning from the warm temperate to the tropical bioregion [10]. 
Swamp forests are limited to the subtropical to tropical east coast [6]. Attached and free-
floating macroalgae are common in estuaries throughout South Africa (Table 1), and 
filamentous macroalgal mats often form in nutrient-enriched systems in closed estuaries with 
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calm and sheltered conditions [7]. Information on the extent and distribution of these various 
habitats have been collated and catalogued in a national Estuary Botanical Database [6,11]. 

 
Coastal wetland habitats will be influenced in multiple ways by anthropogenic climate 

change. Not only will the increased CO2 levels directly influence the physiology of 
macrophytes, but the already dynamic abiotic environment of coastal wetlands will be 
changed by the multitude of consequent impacts. These impacts are not straightforward to 
predict, as they depend on the context of environmental conditions and anthropogenic 
activity, which can differ greatly among regions [12]. While many studies have speculated the 
response of estuaries to climate change in different parts of the world [2,13,14], local studies 
are needed that cover different region-specific contexts. This study aims to provide 
predictions on how climate change will impact seagrass, salt marsh and mangrove habitats in 
South African estuaries. 

2. Study approach 

This review synthesises available knowledge from peer-reviewed literature on the 
ecological responses of coastal wetland habitats to the predicted impacts of climate change. 
Focus was placed on increased atmospheric CO2 concentrations, increased temperatures, 
changes in hydrological processes, floods, droughts, sea-level rise and increased sea storms 
and wave height. While the emphasis was on South African literature, studies from elsewhere 
in the world were also consulted.   

3. Results and discussion 

The key estuarine abiotic processes expected to be altered by climate change and the 
resultant biotic responses and expected habitat trends toward the year 2050 are summarised 
in Table 2. Salt marsh and mangrove area are expected to decrease overall. To date mangrove 
area has remained fairly stable due to increases and decreases in certain estuaries.  
Submerged macrophyte habitats are highly dynamic, but little overall change in habitat area 
is predicted, however, some increased fluctuations in biomass are expected in response to 
increased occurrence of extreme events such as floods and droughts. 

 
Table 1. Summary of the biogeographical distribution of six macrophyte habitat types 

Macrophyte 
habitat types 

Biogeographical Region 
 

Cool temperate 
Warm 

Temperate 
Subtropical Tropical 

Submerged 
Macrophytes 

    

Salt Marsh 
     

Reeds and 
Sedges 

    

Mangroves 
 

    
Swamp Forests 
 

    
Macroalgae 
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Figure 1.  Mangrove, salt marsh and seagrass habitats in the Nahoon Estuary. 
 
 

 
Figure 2.  Salt marsh zonation along a tidal inundation gradient at Knysna Estuary. 
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Table 2. Climate change stressors and predicted habitat trends by 2050 for submerged 
macrophytes, salt marsh and mangroves in South African estuaries (italics indicate abiotic changes 
and responses in temporarily closed estuaries) 

Abiotic change 
Ecological responses 

Submerged macrophytes Salt marsh Mangroves 
CO2 

 
Higher C availability 

Increase in plant growth and 
productivity 
4% 

Increase in plant growth and 
productivity 

4% 
 

Increase in plant growth and 
productivity 
4% 

Temperature 
 
Warming 
 
Higher aridity 

Competition with more 
abundant macroalgae 
 
Decreased growth due to 
higher epiphyte cover 
 
4% 

Increase in plant growth and 
productivity, however distributional 
range shifts and change in habitat 
diversity, mangroves replace salt 
marsh 
Increase in invasive species.  
Change in salt marsh phenology 
and extinctions 

3% 
 

Increase in plant growth and 
productivity 
 
Distributional range shifts and 
change in habitat diversity, 
mangroves replace salt marsh. 

 
4% 

 

Floods 
 

Nutrient inputs & 
eutrophication 
Sediment input 

 
Scouring of estuary, 
decrease in salinity 
 

Submerged macrophyte loss 
due to scouring, sediment 
deposition and smothering 
 
4% 

Macroalgal growth, smothering of 
salt marsh 
 
Loss of salt marsh cover, change in 
species composition 
 
4% 

Mangrove loss due to scouring, 
sediment deposition and 
smothering 
 

4% 
 

Droughts 
 
Salinity and aridity 

 
 
Closed mouth condition 

 

loss of intertidal habitat 
 

Higher water level will allow 
an increase in submerged 
macrophyte cover 
Seagrass cover increases in 
response to higher salinity 
cover 
 
4% 

Change in species and community 
composition 
Decrease in productivity 
Loss of salt marsh cover. 
 
Increase in water level, flooding 
and dieback of salt marsh. Loss of 
intertidal habitat and marine 
connectivity. 
5.5% 

Decrease in productivity and 
cover 
 
Flooding and die-back of 
mangroves 
 

5.5% 
 

Stream flow 
 

Closed mouth condition 
 

Salinity penetration 
 
 
 
 

Shift in water level will cause 
changes in submerged 
macrophyte cover 
 
Higher/lower salinity will 
increase/decrease seagrass 
cover 
 

Shifts in water level, flooding will 
cause an increase/decrease in 
intertidal habitat and marine 
connectivity. 
Changes in species composition 

 
NO OVERALL CHANGE 

 

Changes in mangroves 
 
Inland / landward migration of 
mangroves 
 
Decrease/increase in productivity 
and cover 
 

Sea level rise 
+1.5 – 2.7 mm.yr-1 
 

Inundation & 
waterlogging, coastal 
squeeze 
 
Open mouth condition 

 
Saline conditions 

Increase in intertidal area for 
seagrass colonisation 
 
Seagrasses can become 
established further upstream 
 

4% 

Possible salt marsh subsidence or 
landward migration 
Die-back and loss 
Changes in species composition 
 
Expansion of salt marsh on 
exposed sand/mudflats 
 

NO OVERALL CHANGE 
 

Expansion of mangroves in 
intertidal areas 
 
Inland / landward migration of 
mangroves 
 

4% 

Sea storms & wave 
height 
Erosion 
 
Sediment deposition, 

constricted mouth  

Removal of seagrass and 
submerged macrophytes 
 

4% 

Smothering and loss of salt marsh 
 
Increase in water level, flooding 
and dieback of salt marsh 
 

4% 
 

Smothering e.g. of 
pneumatophores by marine 
sediment  
Loss of mangroves 
 

4% 
 

Ocean acidification Possible increase in 
seagrass production  
and seagrass carbon storage 

      Not likely to cause significant impacts 
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3.1. Increased atmospheric CO2 

Enhanced productivity due to higher CO2 levels will occur for both mangroves and salt 
marshes as a result of increased photosynthetic efficiency and water use efficiency [17 and 
references therein]. Mangrove productivity will especially be favoured as these trees utilise 
the C3 photosynthetic pathway. Climate-related warming and an increase in CO2 are positive 
conditions for mangroves to expand their distribution to higher latitudes but this will depend 
on propagule dispersal between estuaries and the availability of suitable habitats [25]. Many 
of the small estuaries are temporarily closed to the sea for different periods of time thus 
limiting recruitment [10]. Increased CO2 concentrations are also expected to change the 
species composition of salt marshes. Higher CO2 availability will favour the growth of C3 salt 
marsh species (e.g. Salicornia spp and Juncus spp) over C4 species such as Spartina maritima. 
[74]. Elevated CO2 concentrations will likely also increase the productivity of seagrasses and 
macroalgae, as they mostly appear to use the C3 photosynthetic pathway as well [37]. 

3.2. Increased temperature 

Over the last 50 years, land-based air temperatures in southern Africa have been rising at 
twice the global average and are projected to continue increasing at 1.5 times that of the 
global rate. In general, South Africa will experience a warmer and drier climate in the future. 
Increased temperatures will directly affect the growth and reproduction of estuarine 
macrophytes. In salt marshes and mangroves, productivity will increase until an upper 
temperature threshold is reached [9,16]. However, increased temperatures can inhibit the 
germination of certain salt marsh species and this could counteract potential increases in 
productivity [17]. Seagrasses are also sensitive to increased temperatures and may die-back 
in response to warming [18]. Warmer temperatures will also alter plant phenological patterns 
and species composition in coastal wetlands [9,19].  

 
Increased temperatures, in conjunction with elevated CO2 levels, will also change the 

distribution of estuarine habitats. Rising temperatures are associated with the expansion of 
mangroves towards higher latitudes, often into salt marsh habitats, in a phenomenon known 
as ‘tropicalization’. Such range shifts have been described for different regions around the 
world [20-22], including for our subtropical east coast of South Africa [23,24]. Temperature is 
not a limiting factor in the poleward expansion of mangroves on South Africa’s east coast; 
instead successful colonization of new sites by mangroves will depend on the effectiveness of 
propagule dispersal between estuaries, the local geomorphology (including the estuary mouth 
being open), and the availability of suitable riparian habitats [10,25]. Mangrove encroachment 
into salt marshes will result in a decrease in salt marsh cover [26]. 

 
Rising temperatures and the associated evaporation can have dire impacts on the health 

of coastal wetlands. In extreme cases, estuaries can become highly desiccated and hypersaline 
leading to great declines or die-offs of flora and fauna [27]. The effects of warming will be 
most apparent in shallow estuaries, particularly those experiencing a prolonged phase of 
mouth closure [28]. South Africa’s estuarine lakes will likely also be susceptible to increased 
evaporation. For example, St Lucia, the country’s largest estuarine lake, persisted in a highly 
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desiccated hypersaline state following an extended drought during a closed mouth phase, 
resulting in significant declines in biota [29]. Habitats such as submerged macrophytes and 
reeds and sedges are particularly susceptible to hypersalinity and desiccation [30-32]. Some 
salt marsh habitats can persist in extreme hypersaline environments, but increased 
evaporation would likely contribute to the threat of salt marsh desertification [9,33]. 

 
The effects of extended ocean heat waves have not been documented in South Africa but 

can have severe consequences. Above average temperatures for four months (2 - 4°C above 
average) caused 90% die-back of seagrass beds in Shark Bay, Western Australia [34]. In 
northern Australia the 2016 extreme El Niño event led to extensive dieback of mangroves in 
the Gulf of Carpentaria [35]. Ocean heat waves have increased notably in frequency and 
duration over the last century and are projected to become more common in the future [36].  
These warming events will have profound impacts on species distributions and community 
structure [37,38]. In January to March 2021 South Africa’s south and east coast experienced 
such a temperature anomaly due to meanders of the Agulhas current. Most of the impacts 
were only observed in the nearshore coastal environments, but should serve as a warning that 
could this become a more frequent occurrence in our estuaries. 

3.3. Changes to hydrological process (streamflow) 

The ecological functioning and health of estuaries depends strongly on freshwater 
inflows, which will change with climate change-driven alterations in rainfall patterns. The most 
widespread impact resulting from the predicted hydrological changes will be changes in the 
mouth dynamics of estuaries. Approximately 75% of South Africa’s estuaries close to the sea 
for varying periods of time due to the formation of sand berms at the mouth resulting from 
high-wave energy, high sediment availability, and low tidal flows and fluvial inflows [4,27]. 
These temporarily closed estuaries will be susceptible to change in hydrological regimes, but 
in extreme cases even predominantly open estuaries can close to the sea as occurred at the 
Gamtoos Estuary, which closed for the first time in 49 years due to drought and freshwater 
abstraction [39]. Drier conditions and higher inter-annual variability in rainfall patterns are 
expected on the western coast of South Africa (Table 3) [41,42]. The frequency and duration 
of mouth closure are expected to increase in this region [42]. Along the rest of the coastline, 
extreme rainfall events are projected to increase in spring and summer but decrease in 
autumn and winter [40,41,43]. It is predicted that mouth dynamics will remain largely similar 
along the southern coast and that open mouth conditions will generally become more 
common further up the eastern coast due to increased freshwater flows and flooding [42].  

 
Changes in mouth condition are likely to cause substantial changes in the extent and 

distribution of coastal wetland habitats and have been shown to cause shifts between 
macrophyte habitat types [44-46]. During periods of mouth closure, estuaries are unsuitable 
for the establishment of mangroves and intertidal salt marsh. Furthermore, extended periods 
of mouth closure can result in high water levels which cause inundation and die-back of 
intertidal salt marsh and mangroves [44,45,47]. Large mangrove die-back events have been 
recorded at the Kosi, Kobonqaba and St Lucia estuaries [48-50]. Elevated salinity levels during 
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periods of mouth closure also lead to the loss of submerged macrophytes and the proliferation 
of opportunistic macroalgae [45,46]. Macroalgal blooms will be particularly concerning in 
closed estuaries susceptible to eutrophication as they can shade and smother submerged 
macrophytes and salt marsh habitats [51-53]. However, more frequent mouth closure may 
increase the resilience of salt marshes to sea level rise as these intertidal habitats have greater 
elevation gains and sediment accretion rates than those that maintain a permanent 
connection to the sea [54]. Increased open mouth conditions, in contrast, will facilitate the 
establishment of salt marshes and mangroves and create a favourable environment for the 
persistence of submerged macrophytes [8,10]. However, the periods of high productivity 
typical of closed mouth conditions will be decreased [55,56]. 

 
3.4 Droughts 

In addition to altering mouth dynamics, changes in freshwater inflows (particularly 
extreme events like droughts and floods) will decrease the resilience of coastal wetlands to 
the impacts of climate change. Decreased freshwater inflows and drought will result in the 
salinisation and desiccation of macrophyte habitats. High salinity and low moisture content in 
sediments decrease salt marsh species composition, cover, and productivity [9]. Salinisation 
and desiccation will particularly place pressure on the country’s arid west coast estuaries such 
as the Groot Berg, Olifants and Orange (Table 3) where the desertification of large areas of 
salt marsh has been recorded [9]. On the east coast, drought stress will affect the physiological 
processes in mangrove trees related to water uptake and water use efficiency, and will inhibit 
growth and expansion [57,58]. Recent large-scale mangrove die-back events have occurred in 
northern and western Australia under drought conditions in combination with low sea levels 
and low humidity as a consequence of an El Niño-Southern Oscillation (ENSO) event 
[35,59,60]. Prolonged droughts can lead to soil shrinkage, which would inhibit the ability of 
salt marshes and mangroves to maintain their elevation relative to rising sea levels [61,62]. 
Soil volumes, however, can recover after droughts have ended [62]. Droughts can also cause 
shifts in habitat type; for example, large scale drought-induced dieback of salt marsh at the 
Mississippi River Delta, USA resulted in mangrove encroachment until it became the dominant 
habitat type [63]. 

 
Lower freshwater inflows will also result in increased seawater penetration into estuaries, 

reducing the extent of the river-estuary interface and changing the distribution of habitats. 
Under these circumstances, a reverse estuary gradient is often formed. Increased salinity in 
the upper reaches of estuaries will facilitate an increase in seagrass biomass and distribution 
under clear-
however, will lead to the die-back of submerged macrophytes [30]. Reeds and sedges may die-
back or persist only in brackish areas (salinity < 20) such as sites of freshwater seepage [32].  

 
3.5 Floods 

Flooding and increased freshwater inflows can also be detrimental to coastal wetlands in 
several ways. Floods will scour estuary banks, removing macrophytes in intertidal habitats. 
Such habitats may be able to re-establish, but this can take place slowly. For example, 
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mangroves that were removed by flooding in the Mnyameni and Mzimvubu estuaries only re-
established after 11 years [10]. Floods can also deposit sediments causing smothering and die-
back of submerged macrophytes and mangroves. However, such deposition events can 
expand intertidal areas available for colonization by macrophytes. Submerged macrophytes 
respond particularly strongly to flooding – floods can completely remove them from estuaries 
as has occurred with Z. capensis habitats in Swartkops Estuary [66]. Recovery of submerged 
macrophytes after floods can have a lag period of up to three years [67]. Furthermore, 
increased siltation, turbidity and salinity changes associated with floods will influence the 
growth and distribution of submerged macrophytes [8]. Increased high intensity rainfall 
events and flooding will likely remove submerged macrophyte beds from estuaries, 
particularly along the east coast where floods are expected to increase (Table 3) [42]. The 
endangered Z. capensis is already absent from freshwater dominated estuaries in southern 
KwaZulu-Natal where flooding and highly turbid conditions are common [8]. 

 
Increased rainfall and runoff will contribute to the nutrient enrichment and 

eutrophication of estuaries, which is already a significant pressure on South African estuaries 
that will likely be exacerbated by climate change, especially in disturbed catchments [28,68]. 
Eutrophication can shift estuaries to an alternate state where algal blooms can outcompete, 
outshade and possibly exclude submerged macrophytes and smother salt marshes [51,52]. 
Nutrient enrichment leads to dense epiphytic growth on the leaves of submerged 
macrophytes reducing light availability and limiting growth, and epiphytic fouling will increase 
as temperatures rise [69]. Increased nutrient loading due to runoff, along with increased 
temperatures, will also result in the proliferation of invasive alien aquatic plants (IAAPs) which 
are already widespread in South African estuaries, especially along the KwaZulu-Natal coast 
[68]. Predictive models suggest that climate change over coming decades will facilitate the 
range expansion of several IAAP species along the South African coast [70]. The proliferation 
of IAAPs leads to the loss of native species and biodiversity with impacts across trophic levels, 
and alters aquatic environments by decreasing light penetration, flow and connectivity 
between rivers and estuaries [68,71]. IAAPs can also displace important nursery habitats, for 
example, the spread of water hyacinth along with turbid conditions displaced Z. capensis beds 
in the Swartkops Estuary [66]. Although increased freshwater inflow and floods will generally 
contribute to eutrophication, they will also be important in opening estuary mouths, flushing 
systems, reoxygenating the water column, re-establishing salinity gradients following periods 
of mouth closure, inundating floodplains and decreasing soil salinity, maintaining sediment 
structure and building habitat (accretion) [73]. 

3.6. Sea level rise 

Current SLR rates differ along the South African coast, with an increase of 1.9 mm.yr-1 on 
the west coast, 1.5 mm.yr-1 on the south coast and 2.7 mm.yr-1 on the east coast [80,81]. Sea-
level rise will increase inundation and waterlogging altering sediment biogeochemistry, 
moisture and salinity. This is the predicted scenario; however, if salt marshes and mangroves 
build elevation at a sufficient rate then inundation and waterlogging may not increase [82]. 
Local topography and coastal development constrain the availability of areas for landward 
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migration, but the rate of sedimentation determines the capacity of mangrove and salt marsh 
ecosystems to resist SLR through surface elevation gain [83,84]. Predictive models that 
incorporate landward migration and surface elevation processes have been used to estimate 
changes in blue carbon stocks under different SLR scenarios at the Knysna and Swartkops 
estuaries [85,86].  

 
Higher sea levels would cause salt marshes to migrate landwards [87,88]. Plant 

ecophysiology studies have shown lower intertidal salt marsh species will be able to survive in 
upper intertidal zones, but upper intertidal species will not be able to persist in waterlogged 
conditions [47]. The tolerance of salt marsh species to inundation will determine their survival, 
and the availability of areas with suitable elevation will allow for the landward migration of 
salt marsh habitats [9,89]. However, many South African estuaries are impacted by 
development and urban encroachment, which leads to ‘coastal squeeze’ which limits the 
amount of suitable area for salt marsh migration [90]. Recent research has found that there is 
a deficit in elevation gain and local relative sea-level rise in South African intertidal salt 
marshes, and it will be necessary for accretion rates to increase for these salt marshes to 
persist in the long-term [91]. This is especially the case for the sediment starved estuaries fed 
by catchments dominated by Table Mountain Sandstone. Sea level rise modelling studies at 
the Swartkops Estuary have predicted that lower intertidal habitats characterised by the 
cordgrass Spartina maritima do not gain elevation at a rate sufficient to keep up with current 
and future sea-level rise, but these habitats would migrate landwards and replace habitats 
located higher in the tidal frame [85,92]. At the Knysna Estuary, the capacity of S. maritima 
habitats to build elevation is variable along the length of the estuary [86]. Most sites in the 
lower and middle reaches are subsiding and therefore will not persist under projected sea 
level rise without the potential for landward migration. This can only be facilitated by the 
removal of hard structures [86]. 

 
Sea-level rise may lead to an increase in open mouth conditions in temporarily closed 

estuaries creating favourable habitat for mangrove, salt marsh and seagrass colonisation in 
intertidal areas [10]. However, these positive effects may be counteracted by drought and a 
reduction in freshwater inflow that results in mouth closure, high water level flooding and die-
back of mangrove and salt marsh. Nationally it is difficult to predict the future trajectory of 
change for the endangered seagrass Zostera capensis. Sea-level rise will increase salinity in 
estuaries and seagrass can expand upstream. However, an increase in high intensity rainfall 
events will likely remove submerged macrophyte beds [8].   

3.7. Increased sea storms and wave height 

South Africa’s wave-dominated coast is sensitive to sea storminess that can result in 
erosion or sediment deposition and accretion [80]. More frequent and intense sea storms and 
wave action may further inhibit the ability of the mouth of estuaries to remain open [75]. The 
resultant increase in water levels within estuaries will cause prolonged inundation and 
waterlogging of intertidal areas, leading to the loss of macrophyte habitats. Sea storms can 
also deposit marine sediments onto habitats, smothering them and causing die-back. For 
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example, a major storm at the Mbashe Estuary led to the die-back of mangroves, of which 
many died within three years and the area was subsequently colonised by salt marsh species 
[93]. However, increased wave action due to sea storms can erode the mouth area of estuaries 
increasing periods of open mouth conditions [76]. Salt marshes can be particularly sensitive 
to erosion, which has caused the loss of large areas of salt marsh in various parts of the world 
[94-96]. Salt marsh has already been lost to erosion in some South African estuaries and 
further losses are expected [97] (Figure 3). While some increase in the frequency and intensity 
of sea storms has been recorded along parts of the South African coast in recent decades, 
these have not yet been definitively linked to anthropogenically-driven climate change [98]. 
However, a global increase in sea storms has been projected [99], which will result in increased 
coastal erosion and the loss of estuarine habitats. 

 
3.8. Ocean acidification 

Ocean acidification is a concerning consequence of increased CO2. Acidification will likely 
impact South Africa’s permanently open estuaries, particularly those on the west coast where 
upwelling is prevalent (Table 3) [75]. Acidification impacts nutrient and carbon availability in 
aquatic environments, but the impacts of acidification on macrophytes are complex and 
requires species- and situation-specific investigations [76]. Acidification will impact calcifying 
fauna, possibly leading to indirect effects through species interactions – such changes in biotic 
controls – but these are also difficult to predict. Eutrophication and algal blooms, a widespread 
problem in South African estuaries, will exacerbate climate change-driven acidification [68]. 
This will particularly be an issue in eutrophic estuaries that are closed to the sea, especially 
since mouth closure is expected to increase with climate change in many of these systems in 
South Africa. During open mouth conditions, pH is regulated by tidal mixing but during closed 
mouth conditions, pH dynamics are dominated by in situ biological processes [78]. Closed 
estuaries that are susceptible to eutrophication will experience greater diurnal pH variability 
due to increased primary production by algal blooms [77]. When the algal blooms decay, 
remineralisation and aerobic respiration by bacteria decreases pH, particularly under the long 
water residence times experienced during a closed mouth phase [77,79]. These in situ 
processes are likely to be enhanced by increase temperatures. 

 
4. Conclusions 

Predicting the effect of multiple climate change stressors is difficult because of the natural 
variability of our coastal wetlands. Long-term monitoring is needed to support research 
findings. Monitoring of permanent plots and transects are necessary to identify changes such 
as salinisation and drying out of salt marshes. Synergistic interactions between climate change 
and human impacts need teasing out at a local scale so that we can understand the processes 
influencing the vulnerability and resilience of coastal wetlands.  Long-term datasets are also 
needed to understand the change in the frequency and intensity of climatic cycles such as El 
Niño. Nationally we need policies and planning mechanisms to set aside buffers for landward 
migration of coastal wetlands in response to sea level rise. Estuary conservation and 
management plans need to include future changes in climate to ensure the protection of 
coastal wetlands.  However successful management and restoration of coastal wetlands 
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requires a socio-ecological systems approach to address the lack of alignment between 
ecosystem requirements, legislation, governance, implementation and social commitment. 

Past research has identified patterns of change that allow for the prediction of potential 
future change.  South Africa is an important outdoor laboratory as changes are occurring 
across different biogeographic zones i.e. subtropical to warm temperate and warm temperate 
to cool temperate.  Our research makes an important contribution globally as little is known 
about the response of African coastal wetlands to climate change.  Data sets inform range 
expansions of species at a southern continental limit and responses characteristic of a wave-
dominated high-energy coastline. 

 

Funding: The DSI/NRF Research Chair in Shallow Water Ecosystems (UID 84375) supported JBA. LvN was funded 
through the Coastal Systems, Council for Scientific and Industrial Research DSI Parliamentary Grant (PG). The 
Water Research Commission funded Project K5/2769/1/19 titled ‘Climate change and South Africa’s blue carbon 
ecosystems’.  

 

 
 

Figure 3. Salt marsh erosion in the Knysna Estuary. 
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Table 3. Summary of key processes that will be impacted by climate change stressors and the 
broad direction of change per biogeographical region (Solid = increase; Hollow  = decrease; 
Large = High degree of change, small  small to moderate degree of change) 

Key 
processes 

Climate change stressors Biogeographical Region 
 

Cool 
temperate 

Warm 
Temperate Subtropical Tropical 

Atmospheric CO2     
Temperature     

Hydrological Floods     
Droughts     
Streamflow     

Oceanic Sea level rise     
Sea storms & wave height     
Ocean Acidification     
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Chapter 7 

Evaluating the vulnerability of South Africa’s estuarine lakes to climate 
change 
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Abstract: Estuarine lakes numerically constitute 4% of estuaries in South Africa, but collectively they cover more 
than 60% of estuarine habitat. Their large surface area:volume ratios, low mean annual runoff, and intermitted 
connectivity to the sea; result in low flushing rates that increase the influence of in situ processes. This complexity 
is further compounded by the occurrence of a wide range of abiotic states that are observed over long timescales. 
Climate change is likely to add to and exacerbate existing pressures on estuarine lakes which motivated the need 
for a Climate Change Vulnerability assessment on these type of estuaries. This assessment specifically focused 
on terrestrial climatic and hydrological vectors associated with climate change and showed that the maximum 
potential shift in estuarine state varied between 9% and 22% from present functionality under the 
Representative Concentration Pathway (RCP) 4.5 and RCP8.5 Climate scenarios. In all cases, the maximum degree 
of change was induced by the RCP8.5 Far Future Scenario, impacting estuarine connectivity and related biotic 
productivity and composition. The responses to the RCP4.5 scenarios were generally grouped around the present 
state, with some scenarios even representing a shift towards natural conditions as a result of increased 
freshwater input in the mid-future scenarios. In all systems, except for Kosi, anthropogenic-induced change 
exceeded climate-induced shifts in estuary functioning; highlighting the degree of transformation estuarine lakes 
have already experienced. Present water quality was a good predictor of future resilience, with the condition of 
enriched systems more likely to decline further under hotter and/or drier future conditions. Relatively shallow 
lake systems, such as Verlorenvlei, Bot/Kleinmond and Heuningnes, tend to be more vulnerable to the impact of 
reduced flows and/or the impact of drought conditions. In this type of system, event-scale droughts tend to dry 
out a large part of the lake beds and surrounding estuarine vegetation. Depending on the degree of marine 
connectivity, this type of system may also develop extreme hypersalinity in portions of the system. This effect 
could be further amplified if the system were already subjected to enrichment, with harmful algal blooms often 
associated with extreme conditions. The development of the estuary abiotic and biotic conceptual models as an 
explicit step in the vulnerability assessment method allowed for the identification of commonalities and 
differences across systems and assisted with bridging data gaps and extrapolating findings. The selected 
assessment approach was sensitive to change and allowed for the detection of climate-induced shifts in estuary 
function and productivity. Future research priorities should include (1) the assessment of primary producers and 
estuarine fish to elevated temperatures, and (2) the development of coupled rainfall-runoff yield models 
specifically geared at resolving climate change projections on river flows.  

Keywords: climate change, estuarine lakes, vulnerability assessment, rainfall, runoff, temperature, multiple 
stressors, ecosystem-scale response 

  



 

144 

1. Introduction 
Estuaries form an interface between the land and sea and are strongly influenced by climatic, 

hydrological, and oceanic processes. Approximately 90% of South Africa’s 290 estuaries are small, 
dynamic temporarily closed estuaries or seasonally driven predominantly open systems. However, 
a small percentage (< 4%) are large estuarine lake systems [1]. While these estuarine lakes 
constitute a small percentage of systems numerically, collectively they cover more than 60% of 
South Africa's estuarine habitat [2]. More than 84% of the country’s estuarine lake area is already 
in a poor ecological state as a result of anthropogenic pressures [2]. Undoubtedly these systems 
face future climate change pressures, but very few have been the focal point of long-term 
biophysical research that could inform climate change response strategies. 

 
Estuarine lakes typically have large surface area: volume ratios, comparatively low mean annual 

runoff, and intermittent connectivity to the sea (e.g. mouths can close for extended periods), 
resulting in relatively low flushing rates and a larger influence of in situ processes on estuarine 
characteristics relative to other estuary types [3]. They are therefore less resilient to change as their 
biophysical processes function over long time-scales (i.e. annual to decadal cycles) and their re-
setting mechanisms are relatively weak in comparison with the smaller systems. Thus, estuarine 
lakes are vulnerable to catchment land-use and development pressures [4]. This also makes them 
vulnerable to the vectors of global change, including climate change (e.g., shifts in seasonal rainfall, 
intensification of drought cycles, increase in the occurrence of floods, as well as increasing 
temperatures and evaporation).  

 
Ever-increasing anthropogenic impacts on estuarine systems already pose serious threats to 

the biodiversity and ecosystem services we derive from these ecosystems (e.g. carbon 
sequestration, flood attenuation, fisheries, provision of sustainable livelihoods, and eco-tourism). 
Climate change is likely to add to, and possibly exacerbate existing pressures, accelerating the 
degradation of estuaries. In fact, several estuarine lakes are already recognised as systems in 
transition from estuarine lakes to coastal lakes [5] due to human interferences such as reduction in 
freshwater inflows, barriers at their outlets and low-lying development. For example, Sibaya, Cubhu 
and Mzingazi, used to be lakes that were connected to the sea (i.e., estuarine lakes) but have 
evolved into coastal lakes through natural or anthropogenically induced loss of connectivity with 
the sea [5]. Timeous planning to mitigate and adapt to climate change is critical for sustaining these 
valuable ecosystem assets. Management and climate change strategies for these systems may 
require unique and dedicated interventions to ensure future resilience in the face of ongoing 
change. 

 
Climate change is a measurable reality and South Africa is especially vulnerable to its impacts 

[6,7]. Globally, estuaries have been the focus of several comprehensive Climate Change 
Vulnerability Assessments [8-11]. Key drivers of change have been identified as: modification of 
terrestrial climatic (e.g., temperature and rainfall) and hydrological processes; changes in the 
oceanic circulation; ocean acidification; sea-level rise; and increased sea storminess [e.g., 12-18]. 
However, this study focused specifically on the critical terrestrial climatic and hydrological vectors 
associated with climate change, and their anticipated effects on the key processes in the estuarine 
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lakes of South Africa, as well as the key biotic responses, and their consequences on the ecological 
health of these valuable systems. 

2. Study area 
Thirteen estuarine lakes systems occur in four biogeographical regions along South Africa’s 

coast, namely Verlorenvlei, Zeekoevlei, Klein, Bot/Kleinmond, Heuningnes, Touw/Wilderness, 
Swartvlei, iMhlathuze, St Lucia, uMgobezeleni and Kosi (Figure 1) [4]. These lake systems mostly 
formed as a result of sea-level changes between the late Pleistocene and Holocene [5], some 
stemming from drowned river valleys (e.g. Swartvlei) and others from marine flooding (e.g. 
Wilderness) [5]. 

 
Estuarine lake connectivity ranges from near-permanently open (e.g. Kosi), through systems 

that are open on annual time scales (e.g. Swartvlei) [19], to predominantly closed (e.g. 
Bot/Kleinmond and St Lucia). The extent and duration of marine connectivity influence the salinity 
regime in these lake systems, which can range from fresh to hypersaline. As a result of restricted 
connectivity to the sea and low tidal amplitudes (15 to 20 cm) wind plays a more prevalent role than 
tides in mixing processes [4]. The low flushing rates and intermittent connection to the sea makes 
South Africa’s estuarine lakes vulnerable to catchment and development pressures and contributes 
to more than 84% of estuarine lake habitat already being in a poor condition from catchment and 
development pressures [4]. This reduces their ability to provide key ecosystem services such as flood 
regulation, nutrient cycling, nursery habitat, and has compromised recreational and tourism 
benefits derived from these systems. Catchment development is increasing, resulting in reduced 
inflow (either surface or groundwater) into many lakes, with Kosi being a good example. 

 

 

Figure 1.  Location of South Africa’s estuarine lakes. 
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Estuarine lakes have unique system-specific characteristics relating to connectivity, 
morphological complexity and salinity regimes (Table 1) [3,20-30]. Connectivity to the sea can occur 
via constricted inlet channels, fully functional estuaries, or in some cases, large estuarine lakes can 
be directly connected to the sea with no clearly defined channels (e.g. Klein).  

Estuarine lakes can comprise single basins, or they can occur as a series of linked lake systems 
that are connected through several meandering channels. Kosi, for example, comprises four linked 
lakes that are connected to the sea by a large shallow estuary. Across the country’s estuarine lakes, 
average depth varies from 2 m to more than 30 m, with most lakes typically 3 to 5 m deep.  Most 
lake systems have more than one river feeding them, but two are fed nearly exclusively by 
groundwater. Salinity regimes vary from 0 to 35. Most lakes are brackish to fresh but some show a 
tendency to become hypersaline during dry periods (Tables 1 and 2).  

This complexity is further compounded by the occurrence of a wide range of abiotic states that 
are observed in estuarine lake systems over long timescales. In total, seven open and five closed 
abiotic states were recognised in the lakes systems that largely maintain natural functionality. Table  
2 provides a summary of typical abiotic conditions associated with each of these states, focusing on 
mouth state, salinity regime, and water levels as key distinguishing characteristics [3,20-30]. While 
there are differences amongst lakes in the states as a result of the interplay between bathymetry 
and freshwater input, some common features could be grouped into the 12 states.  
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Table 1. Overview of connectivity, morphological complexity and salinity regimes in South Africa’s estuarine lakes under present conditions 

ESTUARINE LAKE 

CONNECTIVITY MORPHOLOGICAL COMPLEXITY SALINITY 

# Mouths Tidal exchange Temporal 
scales 

Inlet channel/ 

Estuarine zone 
Lakes Depth (m) Connecting 

channels Rivers 
Inlet/ 

Estuarine 
zone 

Lakes 

Verlorenvlei 1 Perched 1-4 yrs Inlet channel 1 
2.5 m 

(Max: 5) 
- 1 0-110 Fresh 

Zeekoevlei 1 Perched Open (100%) Canalised 2  2 2 0 - 100 Fresh 

Bot/Kleinmond 2 Tidal/ Constricted 1-4 yrs Estuarine zone 
(Kleinmond) 1 (Bot)  1 (Rooisand) 2/1 0-35 

(Kleinmond) 

0 – 45 

Bot 

Klein 1 Tidal 1-2 yrs - 1 
3 

(Max: 2) 
- 2 - 0-40 

Heuningnes 1 Tidal Open (95%) Estuarine zone 1   2 0-45 0-6 

Touw/Wilderness 1 Tidal 1-3 yrs Estuarine zone (Touw) 
3 

(Wilderness) 

4 - 6 

(Max:7) 
3 1/2 0-35 0 -20 

Swartvlei 1 Tidal 1-4 yrs Estuarine zone 2 
5 

(Max: 17) 
 3 0-35 5-12 

St Lucia/uMfolozi 2 (during floods) Tidal 1-10 yrs Estuarine zone (Narrows) 3 
1/1 

(Max: 3 /2) 
1 5 / 2 0-35 0-250 

uMhlathuze 2 Tidal/Tidal Open (100%) - 2 
1/12 

(Max: 2/20) 
2 

2/3  

 

- 

- 

0-35 

35 

iNhlabane 1 Constricted >1 yr Estuary 1 
2  

(Max: 5) 
 

1  

 
0-35 0 

uMgobezeleni 1 Constricted Open (99%) Inlet channel 2 
3 

(Max: 5) 
2 

Ground-water 

+ 2 
 Fresh 

Kosi 1 Tidal Open (99%) Estuarine zone 4+1 (Zilonde) 
3 

(Max: 31) 
4 

Ground-water 

+ 3 
0-35 0-20 
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Table 2. Description of generic abiotic states occurring in South Africa’s estuarine lake systems 

ESTUARY 

OPEN ABIOTIC STATES CLOSED ABIOTIC STATES 
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Verlorenvlei              

Zeekoevlei              

Bot/Kleinmond              

Klein              

Heuningnes              

Touw/Wilderness              

Swartvlei              

St Lucia/uMfolozi              

iNhlabane              

uMhlathuze              

uMgobezeleni              

Kosi              

ABIOTIC STATE STATE DESCRIPTION 

O
PE

N
 

Fresh 
Mouth is open and the system is (nearly) fresh throughout. Average water levels.  

Can have elevated water levels due to flooding for short periods. 

Marine/ Fresh Mouth is open with limited salinity penetration in lower reaches (estuarine zone), while lakes are generally 
fresh. Average water levels. 

Gradient Mouth is open and full salinity gradient is observed throughout the system. Average water levels. 

Marine/ 
Brackish 

Mouth is open and salinity varies from marine (near mouth) to brackish. Average water levels. 

Marine Mouth is open and a marine salinity regime is observed throughout the system. Average water levels. 

Marine/ 
Hypersaline 

Mouth is open and the salinity regime varies from marine to hypersaline in parts of the system. Average 
to low water levels. Some parts of the system may become isolated. 

Hypersaline Mouth is open and the majority of lake system is hypersaline. Very low water levels. 

C
LO

SE
D

 

Fresh Mouth is closed and the system is nearly fresh throughout. High to very high water levels. 

Brackish Mouth is closed and the system is brackish throughout. High water levels. 

Gradient The mouth is closed and partial longitudinal salinity gradient is observed. High water levels. 

Marine/ 
Brackish 

Mouth is closed and salinity regime varies from marine to brackish in parts of the system. Low water 
levels. 

Marine/ 

Hypersaline 

Mouth is closed and salinity regime varies from marine to hypersaline in parts of the system.  Very low 
water levels, some littoral habitats may be exposed or parts of lakes isolated from larger system.  
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South Africa’s estuarine lakes are already subject to extensive anthropogenic pressures that go beyond 

the influence of climate change. The key pressures acting on each of the country’s estuarine lake systems 

are indicated in Table 3, as per [4]. 

Table 3. Key anthropogenic pressures on South Africa’s estuarine lakes  
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Verlorenvlei H      Agric         *   

Zeekoevlei VH    Urban Urban            

Bot/Kleinmond M      Agric            

Klein M    Urban Agric         *   

Heuningnes H    Agric Agric            

Touw/ 

Wilderness 
M                   

Swartvlei L      Agric            

uMhlathuze VH    Agric 
Agric/ 

Urban 
        

*   

iNhlabane VH               *   

St Lucia/ uMfolozi H                *   

uMgobezeleni M    
 Agric/ 

Urban 
          

* 
  

Kosi L                *   

  

 

3. Approach and methods 

The vulnerability assessment, specifically focused on terrestrial climatic and hydrological vectors 

associated with climate change, did not consider highly modified estuarine lake systems, such as Richards 

Bay/uMhlathuze, impacted by port development, and Zeekoevlei and iNhlabane, which are impacted by 

weirs to the extent that they no longer function as estuarine lake systems. It also did not include the St 

Lucia/uMfolozi system which has been the focus of a previous vulnerability assessment but was considered 



 

150 
 

in the development of conceptual models to allow for a holistic view of major processes and responses across 

lakes. 

 

3.1 Climate change scenarios and vectors of change 

While global temperatures have increased by about 0.8°C over the last century in response to the 

enhanced greenhouse effect, recent analyses indicate that South Africa has been warming at more than 

twice the global rate over the past five decades [31-35]. The mean temperature of coastal waters has 

increased by 0.1 C per decade since the early 1970s [36], although the trend is not uniform. Increases along 

the KwaZulu-Natal coast are among the highest in the Western Indian Ocean [37], while localised areas along 

the west and south coasts are cooling seasonally as a result of changes in upwelling patterns [38,37]. Climate 

change in southern Africa will change precipitation patterns, which in turn will affect the quantity, quality, 

and seasonality of hydrological flows to estuaries and exacerbate existing human modifications of river 

inflows [39- 43]. Climate change may also manifest through changes in the frequency of severe weather 

events. On the subtropical and warm temperate coasts, the combination of generally wetter conditions and 

increased intensity of precipitation events will result in increased runoff. An anticipated decrease in rainfall 

in the cool temperate region, with a minor increase in inter-annual variability, will result in a decrease in 

freshwater flows and an intensification of the wet-dry cycles, as shifts in precipitation are strengthened in 

the hydrological cycle in most instances [44-47,41]. An increase in extreme events is projected for the 

Southern, Eastern Cape and KwaZulu-Natal coasts during spring and summer, with a reduction projected for 

winter and autumn [e.g. 48,45,49]. 

An ensemble of high-resolution climate model simulations of present-day climate and projections of 

future climate change over South Africa has been performed as part of the “Green Book” project. Simulations 

were developed using a regional conformal-cubic atmospheric model (CCAM) developed by the 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) [50,51,52]. Six simulations of the 

Coupled Model Intercomparison Project Phase Five (CMIP5) and Assessment Report Five (AR5) of the 

Intergovernmental Panel on Climate Change (IPCC) [53], obtained for the emission scenarios described by 

Representative Concentration Pathways 4.5 and 8.5 (RCP4.5 and 8.5) were first downscaled to 50 km 

resolution globally and then further to 8 km resolution for South Africa. The simulations span the period 

1960-2100, with the period 1960 to 1990 representing the baseline, 2021-2050 (mid future) and 2070-2099 

(Far future). RCP4.5 is a high mitigation scenario, whilst RCP8.5 is a low mitigation scenario. For the period 

2021-2050 (mid future) relative to the baseline, under low mitigation (RCP8.5), temperature increases of 1 

to 3°C may plausibly occur over the coastal regions. For RCP8.5 far future relative to baseline, temperature 

increases of 3 to 4°C are plausible to occur over coastal regions, with some months projected as high as 5°C 

(Figure 1.3). Under RCP4.5 temperature increases may still be significantly reduced, estimated between 1 

and 2.5°C. Under RCP8.5 Mid future, rainfall is projected to increase over the central interior and east coast, 

while the western interior, northeastern parts and the winter rainfall region of the southwestern Cape are 

projected to become generally drier. The projected changes in rainfall patterns under RCP4.8 and RCP8.5 are 
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very similar. For RCP8.5 Far future, rainfall is projected to decrease over the central interior and east coast 

of South Africa.  

Since measured inflow data into estuaries are typically not available due to sparse observation networks, 

rainfall-runoff models were used to simulate hydrological data. The advantage of applying these modelling 

techniques is that natural flow regimes and future regimes can be simulated to assist in determining the 

sensitivity of ecological responses to changes in flow. No new hydrological modelling was undertaken as part 

of this study, and available simulated data for Reference (i.e. prior to any anthropogenic or climate change 

pressures) and Present (i.e. accounting for existing anthropogenic pressures, but not climate change 

pressures) were sourced from the literature) [20-30,3]. Given that the climate model ensemble outputs do 

not span the required >70-year simulation periods, available simulated monthly present inflows were scaled 

according to the predicted relative shifts in monthly rainfall for the catchments and directly onto the 

estuaries using a delta-change approach. These broad extrapolations were further moderated with the 

outputs of Cullis et al. [54]. For example, large floods are not transformed to the same degree as average 

only flows, so factors were applied to moderate the impact on inflows that only occur for 5 to 10% of the 

time in the simulated sequence.  

3.2 Selection of key abiotic and biotic indicators  

For this study, four abiotic indicators (water level, mouth state, salinity, and water quality [nutrients]), 

and three biotic indicators (microalgae, macrophytes and fish) were selected to assess the responses of 

estuarine lakes to climate change. These were primarily selected based on their suitability and sensitivity to 

the selected climate change vectors, but also based on the availability of data across these systems.  

Temperature was used as a driver of changes and not as an indicator. Table 4 provides a summary of the 

rationale for the selection of the indicators.  Microalgae form the base of food chains in estuaries and were 

considered an important indicator from that perspective [55]. Lake systems support very valuable 

macrophyte habitats. Macrophyte habitats provide important ecosystem services such as filtering and bank 

stabilisation. They cycle nutrients by taking them up and releasing them again through decomposition 

processes. Salt marsh, mangrove, reed and sedge wetlands protect the land from floods and sea storms, 

sequester carbon and serve as a source of raw materials for humans. Submerged aquatic vegetation provides 

critical habitat for fish and invertebrates, thus supporting a valuable ecosystem service in the form of the 

provision of nursery areas [56]. Estuarine habitats are extremely important for fish in southern Africa. The 

vast majority of coastal habitat in this region very exposed to the open ocean, so its estuaries are 

disproportionately important relative to other parts of the world, in that they constitute the bulk of the 

sheltered, shallow water inshore habitat in the region [57,58]. There are at least 100 species that show a 

clear association with estuaries in South Africa [56]. The response of estuarine fish assemblages to 

environmental and ecological change makes them good indicators of anthropogenic stress [57,59,60]. 
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Table 4. Summary of the rationale for the selection of abiotic and biotic indicators 

INDICATOR RATIONALE 

Water level An increase/decrease in rainfall and associated runoff will result in a related increase/decrease in lake 
water levels driven by catchment inputs and direct rainfall on the lake surface areas.  

Mouth state 
An increase/decrease in rainfall and associated runoff will result in a related impact on breaching 
frequencies and the duration of open mouth conditions. Mouth state is also a direct indicator of land-
sea connectivity. 

Salinity  Salinity responds to increase rainfall and runoff, as well as mouth state (frequency and duration of open 
and closed conditions).  It is also a key indicator of biotic community composition and/or abundance.  

Water quality 
(nutrients) 

Although it was not expected for the selected vectors of climate change to necessarily have a direct 
influence on nutrients, enrichment is a major anthropogenic pollution pressure in many estuarine lakes 
[61,62]. It was, therefore, important to include this indicator to account for the cumulative impacts of 
climate changes and nutrient enrichment.  

Microalgae 

Microalgae are a major food source for higher trophic levels in estuaries (e.g., zooplankton, fish).  The 
dynamics of microalgae (especially phytoplankton) are largely influenced by nutrient availability and 
residence time [55].  The latter is influenced by, for example, mouth state which, in turn, is affected by 
shifts in river runoff.  Temperature increases can also stimulate primary production in estuaries. 

Macrophytes 

Macrophyte habitats provide important ecosystem services. Mouth state is a key driver of tidal 
inundation/water levels and salinity. Water levels (e.g. flooding, standing, fluctuating), in turn, is a key 
determinant of macrophyte habitats, with any changes in water level resulting in vegetation changes. 
Salinity also influences macrophyte habitats and may lead to die back under extreme conditions or 
change community composition. Increased temperature will increase primary production. 

Fish 

Estuarine fish assemblages are economically important and good stress indicators [59,57,60] Mouth 
state governs connectivity, recruitment and community composition. Water levels fluctuations can lead 
to loss of critical habitats, e.g., intertidal areas. Salinity is a primary driver of fish distribution in estuarine 
lakes. High temperatures decrease tolerance to environmental perurbation and may influence sex 
ratios.  

 
3.3 Ecosystem-based assessment method      

For this assessment, an ecosystem-based approach was adopted whereby conceptual models, of typical 

biophysical patterns in each of the estuarine lakes were constructed from the generic seven open and five 

closed abiotic states (Table 2). These conceptual models distinguished between dominant open-closed 

cycles, and drought and flood events (if persistent state), as illustrated in Figure 2.  
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Figure 2. Example of an abiotic conceptual model for estuarine lakes.

Using the simulated runoff scenarios (Reference, Present and Climate Change) as input data, shifts in the 

occurrence and frequency distribution of various abiotic states in each of the systems were derived by either 

using a water balance model or direct correlation with flow (whichever was considered most appropriate).  

Given the relatively large surface areas of the lake systems in comparison with their relative low inflow, in 

most cases, water balance models [e.g. 63] were considered the most appropriate tool for this national-scale 

assessment. Specifically, water levels and mouth state were used where measured data were not available. 

The simple equation for the volume of water in the estuary at time t [64], is given as: 

groundartificialoverwashseepageevappreciplowtt VVVVVVVVV inf1

Estuarine lake systems typically remain closed until their basins fill up to a level equal to the height of 

the sand berm across the mouth. Any additional water added to the estuary basin after this will cause 

breaching (assuming that inflow exceeds the outflow from the estuary). The foremost assumption in the 

development of a water balance model for these type of systems is therefore that breaching will occur when 

the water level (WL) in the estuary basin equals, or is greater than the height of the berm (Bc). This results in 

the algebraic inequality which states that a breach occurs if [64]:

)()( tBtWL c

STATE 1: CLOSED, HYPERSALINE

STATE 3: CLOSED, BRACKISH (HIGH 

WATER LEVEL)
STATE 4: OPEN, 

FRESH

STATE 2: CLOSED, MARINE (LOW 

WATER LEVEL)

1 – 2 YEAR CYCLE

Open conditions: 3-4 months

STATE 5: OPEN 

GRADIENT

STATE 6: OPEN, 

MARINE

DROUGHT CYCLE: ~10 

years

(a) Abiotic Model
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Given the complexity in calculating the effects of increased temperature on evaporation, this aspect was 

not systematically factored into this assessment. Evaporation rates were kept similar to present in the water 

balance models but assumed to have a compounding impact on drought conditions. Increased 

evapotranspiration rates were also not systematically included, but factored in as a contributing factor under 

extreme drought conditions in systems predicted to have high exposure and vulnerability (e.g. shallow 

bathymetry). In larger systems where water levels fluctuate more slowly over time (i.e., annual or seasonal 

scales) water level data were calculated and reported on independently from other variables, such as mouth 

state. In more simplified applications of the model, water level estimates were linked directly to river flow 

ranges through either in-situ measurements or area-volume relationships [64]. 

Salinity distribution patterns were sourced from available literature or inferred from water level and 

mouth state measurements or estimates.  For example, longitudinal salinity distribution patterns are linked 

to open or closed mouth conditions and, in turn, can be used to predict changes in average salinity 

concentrations under certain hydrological or hydrodynamic conditions. 

Temperature ranges were derived from available literature or field data and broadly adjusted for 

predicted changes under climate change conditions. Given that most lakes are weakly connected to the sea, 

an assumption was made that lake temperatures would broadly follow that of terrestrial prediction. For 

example, if predicted changes were 2 to 3°C, the study would assume that lake temperatures would increase 

by 1 to 3°C in unstratified systems. Bottom waters of stratified systems were deemed less sensitive. 

It has been shown that in South African estuaries – including estuarine lakes – nutrients are the major 

driver of water quality status [61,62]. Based on this, dissolved inorganic nitrogen (DIN) was selected as a 

proxy to assess shifts in water quality status.  Nutrient data were sourced from available literature [3,20-30] 

and, where data were not available, the experiential knowledge of the project team on estuarine water 

quality was used to derive the best estimates. Using a box model approach [e.g. 61], shifts in water quality 

condition were estimated from the predicted distribution of abiotic states, which, in turn were estimated 

from the simulated runoff scenarios.  

Changes in microalgae were primarily organised into changes in phytoplankton and benthic microalgal 

biomass, and the presence/absence of harmful algal blooms (HABs) (Figure 3a).  Information on the present 

status of microalgae data were sourced from available literature [3,20-30]. Where data were not available, 

the experiential knowledge of the project team on microalgal behaviour was used to derive the best 

estimates. The eutrophication classification system developed by Lemley et al. [65] was used to rate 

microalgal condition. The best available knowledge was used in predicting the probability of the occurrence 

of HABs. 

Present conditions for macrophyte habitats were derived from available studies [3,20-30]. Where 

appropriate aerial photographs or Google Earth images were available, these were also used to assess the 

distribution of macrophyte habitats. Present assessments were refined by more detailed vegetation 

inundation modelling under different water level conditions for some systems (i.e. Klein, Bot and 
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Verlorenvlei). Projected response to climate change was expressed as change in the estuary habitat types, 

focusing on salt marsh, reeds and sedges and submerged macrophytes, as illustrated in Figure 3b. Whitfield 

[60,66] has developed a detailed classification system of estuary-associated fishes in southern Africa, 

recognizing five major categories of estuary-associated fish species ranging from estuarine-dependent to 

marine and freshwater species.  

Following detailed review of unpublished and unpublished data, a species list was compiled for each 

lake system and fish categorised according to the above classification. 

Figure 3 below shows an example of microalgae (a), macrophyte (b) and fish (c) conceptual models for 
estuarine lakes. 
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Figure 3.  Example of microalgae (a), macrophyte (b) and fish (c) conceptual models for estuarine lakes. 
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Known life-history characteristics of the fish, as well as predicted changes in abiotic factors which influence 

the abundance and diversity of estuarine-associated fishes were then used to predict changes in fish 

abundance and/or community composition. Feeding guilds were also considered to express changes in the 

fish conceptual models. Possible responses of fish to shifts in abiotic states are illustrated in Figure 3c.  

3.4 Integration of assessment results      

To ensure alignment with existing estuarine health assessments conducted for South African estuaries 

(e.g. NBA 2018) [4], the country’s official Estuary Health Index (EHI), developed under the National Water 

Act [67,68] was used to integrate assessment results in a compatible format. The index adopts an ecosystem-

based approach that considers an array of abiotic (hydrology, hydrodynamics and mouth condition, 

sediment processes and water quality) and biotic (microalgae, macrophytes, invertebrates, fish and birds) 

components. For this study, the abiotic components were simplified to three indicators, namely hydrology, 

hydrodynamics (mouth state and water level), and water quality (including salinity and nutrients), while the 

biotic indicators were simplified to three, namely microalgae, macrophytes and fish. For each of the abiotic 

and biotic components, the predicted state was estimated as a percentage (0% – 100%) of the natural state. 

Weighted averages for the abiotic and biotic indicators were then applied to attain a habitat and biotic health 

score, respectively. Finally, these habitat and biotic health scores were combined into a final health score, 

weighted equally (Table 5).  

As with the original index, these indicators were each categorised from natural (A) to critically modified 

(F) based on expected changes under each of the climate change scenarios. Of note is that the A to F scale 

represents a continuum and that the boundaries between categories are conceptual points along the 

continuum as loss of estuarine functionality happens along a continuum [2]. This integration of assessment 

to determine the present state and each system’s future sensitivity to climate-induced shifts in the abiotic 

and biotic processes was performed during a virtual workshop attended by a group of estuarine scientists 

using available information and their expertise on estuaries, including estuarine lakes. 
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Table 5. Estuary health scoring system indicating the relationship between the six Ecological Categories and 

the loss of ecosystem condition and functionality [adapted from 2].

4. Results and discussion

4.1 Vulnerability to Climate Change

4.1.1 Sensitivity of abiotic and biotic indicators

Evaluating the different indicator responses to climate change highlights some of the regional responses.  

Table 6 summarises the impacts climate may have on key abiotic and biotic processes in estuarine lakes.

Hydrology: Depending on the predicted degree of change in precipitation, and in which part of the 

rainfall regime (low flow or high flow season) these changes occur, runoff changes could be negligible (e.g. 

RCP4.5 Mid future) or severe (RCP8.5 Far Future). The most change was projected for the cool temperate 

regions, with systems such as the Bot/Kleinmond showing a severe decline in indicator condition (~ 20%), 

i.e., from a B category to a C/D category. While lake systems in the warm temperate region (Heuningnes, 

Touw/Wilderniss and Swartvlei) saw a smaller decline overall and even incremental improvement in 

hydrology under mid- future conditions. The least impacted were the tropical systems (Mgobozeleni and 

Kosi).
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Mouth state: Most systems showed some sensitivity to changes in mouth state and marine connectivity, 

with most declining by half a category or a full category. Bot/Kleinmond and Klein in the warm temperate 

region showed the most sensitivity to this indicator. 

Water levels: Lake levels fluctuate annually and inter-annually as a natural response to local climate and 

rainfall events. These fluctuations are expected to amplify under climate change as rainfall reduces and 

abstraction for human consumption increases. An increase in temperature is likely to increase evaporation 

rates and decrease lake water levels during the closed phase due to high evaporative losses (and thus also 

decrease opportunities for open mouth conditions). This will be a problem particularly during drought 

conditions (e.g., Verlorenvlei, Bot). However, given the high variability in water level over long time scales, 

this indicator was the least sensitive to predicted climate change, with the Verlorenvlei system being the 

most likely to respond to future climate change conditions.  

Salinity: Rising temperatures and evaporation rates may lead to hypersalinity developing in some lakes 

systems (e.g., Klein), or increase the duration and intensity of existing hypersalinity cycles (e.g., St Lucia). 

However, in some systems, like the Bot/Kleinmond, it could lead to a freshening of the lake system under 

prolonged closed conditions due to seepage losses and outflow through Kleinmond. Overall, average salinity 

regimes shifted significantly over longer time scales with the Heuningnes and Bot/Kleinmond system 

showing the greatest sensitivity to future climate conditions (e.g., RCP8.5 Far Future). 

Water quality (Nutrients): As expected, the water quality did not change much as a result of climatic 

conditions with less than a 5% change observed under most scenarios. No significant shifts in condition 

categories were observed. 

Microalgae responses: The dynamics of microalgae (especially phytoplankton) is largely influenced by 

nutrient availability and residence time [55]. During the open state, previously submerged sand and/or mud 

banks become exposed (weeks to years). The exposure of previously inundated sediments has a profound 

impact on the available microphytobenthic habitat within a lake system [69,70]. Salinity drives distinct 

microalgae community shifts in both phytoplankton and microphytobenthos. The relative contribution of 

either of these two communities in an estuarine lake system is dependent on the hydrodynamics (e.g., 

mouth state and freshwater inflow). Increases in temperature and nutrient loading can stimulate primary 

production, occasionally supporting high microalgal biomass. Vertical stratification in nutrient-rich estuarine 

lakes is likely to support flagellate-dominated phytoplankton communities (e.g., dinoflagellates, 

raphidophytes [71]. 

Extended periods of low runoff and limited, or no, tidal exchange in a nutrient-rich system will accelerate 

the process of eutrophication, resulting in an organic-rich and oxygen-poor environment that can support a 

cyanobacterium dominated microalgal community.  Phytoplankton was the most sensitive of the algae 

groups, with notable responses observed under the RCP8.5 scenario for all systems, while benthic 

microalgae were the least responsive. Harmful algal blooms were a key concern in enriched systems, such 

as the Klein, Swartvlei, and Mgobozeleni; while the blooms in Kosi were largely attributed to natural 
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processes but needs further investigation. Increased temperature was a major driver of change in this 

component under RCP 8.5Far Future conditions. 
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Table 6:  Summary of responses of abiotic and biotic indicators to climate change scenarios 
(RCP4.5 and RCP8.5)  

 

Estuary Scenario 
H

yd
ro

lo
gy

 

M
ou

th
 S

ta
te

 

W
at

er
 le

ve
ls

 

Sa
lin

ity
 

W
at

er
 Q

ua
lit

y 

A
bi

ot
ic

 S
en

si
tiv

ity
 

Ph
yt

op
la

nk
to

n 

Be
nt

hi
c 

M
ic

ro
al

ga
e 

H
ar

m
fu

l A
lg

al
 B

lo
om

s 

M
ac

ro
ph

yt
es

 

Fi
sh

 (-
Fi

sh
in

g 
im

pa
ct

s)
 

Bi
ot

ic
 S

en
si

tiv
ity

 

Es
tu

ar
y 

Se
ns

iti
vi

ty
 

V
er

lo
re

n 
 

Present B/C A/B B/C A E B/C D C C/D D D/E D C 
1: RCP4.5Mid C B C A E B/C D C C/D D E D C/D 
2: RCP4.5Far C B C A E B/C D C C/D D E D C/D 
3: RCP8.5Mid C B/C C A E C D C C/D D E D C/D 
4: RCP8.5Far C/D B/C C A E D D/E C/D C/D D E D/E D 

Bo
t/ 

K
le

in
m

on
d Present B B A/B A/B D B B A/B A/B B B/C B B 

1: RCP4.5Mid B/C C/D A/B A D C B/C A/B B B B/C B B/C 
2: RCP4.5Far C C/D A/B A D C B/C A/B B B B/C B B/C 
3: RCP8.5Mid C D A/B A D C B/C A/B B B B/C B C 
4: RCP8.5Far C/D C/D A/B A D D B/C A/B B B C B/C C 

K
le

in
 

Present B/C C A A/B D/E B/C C B/C B/C C C C B/C 
1: RCP4.5Mid B/C C A A/B D/E B/C C B/C B/C C C C C 
2: RCP4.5Far B/C B/C A A/B D/E B/C C B/C B/C C C C C 
3: RCP8.5Mid C C/D A A/B D/E C C B/C B/C C C/D C C 
4: RCP8.5Far C D A A/B D/E D C/D B/C C C/D D D D 

H
eu

ni
ng

ne
s Present B B A/B D/E C B/C B B/C A C/D C/D C C 

1: RCP4.5Mid B B/C B D/E C B/C B B/C A C/D C/D C C 
2: RCP4.5Far B B/C B E C B/C B B/C A C/D C/D C C 
3: RCP8.5Mid A/B B/C B D/E C C B B/C A C/D C/D C C 
4: RCP8.5Far B/C B/C B E C D B/C B/C A/B D D C/D D 

To
uw

/ 
W

ild
er

ne
ss

 Present C C/D B B B C A/B C/D A/B B/C C C C 
1: RCP4.5Mid A/B C B B B B A/B C/D A B/C C C B/C 
2: RCP4.5Far B C/D B B B C A/B C/D A/B B/C C C C 
3: RCP8.5Mid B/C D B B B C A/B C/D A/B B/C C/D C C 
4: RCP8.5Far C D B B B D B C/D A/B B/C D C/D D 

Sw
ar

tv
le

i Present C B B C B B/C B/C A/B B B/C B/C B/C B/C 
1: RCP4.5Mid C B B C B B/C B/C B B B/C B/C B/C B/C 
2: RCP4.5Far C B/C B C B C B/C A/B A/B C C C C 
3: RCP8.5Mid C A B C B C B/C B B B/C B B/C B/C 
4: RCP8.5Far C/D B B B/C B C/D C B B/C B/C B/C C C 

M
go

bo
ze

- 
le

ni
 

Present A/B A/B A A B/C A/B B A C B C C B 
1: RCP4.5Mid B A/B A A B/C A/B B A C B C C B 
2: RCP4.5Far A A A A B/C A B A C B C C B 
3: RCP8.5Mid B A A A B/C B B A C B C C B 
4: RCP8.5Far A B A A B/C B/C C A C/D B/C C C C 

K
os

i 

Present A/B A A A A/B A B B/C A/B A/B A/B B A/B 
1: RCP4.5Mid B A A A A/B A B B/C A/B A/B A/B B A/B 
2: RCP4.5Far A A A A A/B A B B/C A/B A/B A/B B A/B 
3: RCP8.5Mid A A A A A/B A B B/C A/B A/B B B A/B 
4: RCP8.5Far A/B A A/B A A/B B B/C C B C B C B 

 



 

162 
 

Macrophyte responses: High water levels result in flooding of macrophyte habitats. Macroalgae and 

submerged macrophytes flourish in this state, while mangroves and swamp forest are sensitive to flooding, 

standing water and anoxic conditions and will not survive prolonged inundation (months) [72]. Lakeshores 

are ecotones (a transitional zone between terrestrial and aquatic habitats) characterized by fluctuations in 

water levels. Any rapid changes in water level will result in vegetation changes. Stable water levels can also 

cause an expansion of macrophytes, such as reeds and sedges. Increased temperature will increase primary 

production. Open mouth states create intertidal habitat, with salt marsh species occurring along a tidal 

inundation gradient. Closed states promote the growth and proliferation of macroalgae. Prolonged mouth 

closure could result in the dieback of intertidal salt marsh species [73]. A change in salinity will influence the 

macrophyte habitats, e.g., reeds and sedges grow better in brackish water whereas salt marsh and seagrass 

grow better in salinity close to seawater. Reeds and sedges are sensitive to increases in salinity but can 

survive if their roots and rhizomes are located in salinity less than 20. However, if freshwater seepage is 

reduced then it may lead to die back. Freshwater inflow prevents hypersaline conditions in sediments of salt 

marshes. Hypersaline sediments caused by evaporation and infrequent flooding will result in dry bare 

patches in the supratidal areas [74].  Macrophyte conditions decline between 3 and 10% under future climate 

conditions, but in most cases remain in the present condition category. Bot/Kleinmond and Klein were the 

most sensitive to change as a result of a change in mouth state and water levels. 

Fish responses: Mouth state governs connectivity between estuarine lake habitats and the sea. Mouth 

closure prevents recruitment of marine spawned larval and juvenile fish into a system, and may also prevent 

movement and migration of fishes during spawning periods [75]. It also results in a loss of salinity gradients 

that govern fish (as well as their prey and habitat) distributions [76]. Under closed conditions, intertidal area 

already limited in most lakes, is lost, with implications for the productivity of intertidal habitats and trophic 

effects to the fish community. Increased open-states, stimulating microphytobenthic production to the 

benefit of components of the fish assemblage (e.g. Mugilidae), but to the detriment of others either through 

direct loss of habitat (e.g. loss of shallow submerged vegetation such as Zostera capensis beds as preferred 

or even critical [i.e., pipefish, seahorses] habitat) and/or through trophic effects (e.g., loss of benthic 

invertebrate productivity, sand prawns) [77]. Salinity is a primary driver of fish distribution in estuarine lakes, 

either directly as different species have different salinity preferences, or indirectly, through affecting prey 

and habitat distribution. Most estuarine-associated marine fishes and estuarine resident species are tolerant 

of low rather than high salinity and several freshwater species can tolerate slight (or even marked) elevations 

in salinity [60]. High temperatures decrease tolerance to hypoxia and low salinities and increase risk of mass 

mortality [78]. Sex ratios can be skewed in fish where sex-determination is temperature related [79]. 

Temperature increases tend to skew towards males [79]. Different life history stages may be more 

susceptible to temperature and other stressors which may be mitigated by transgenerational plasticity [79]. 

This is especially true of estuary-associated fish that experience a diversity of stressors in their lifetime. One 

example is Atherina where males seem to be few (e.g. [80]), and non-existent in some populations (Lamberth 

unpublished data). One possibility is that the consequences of female skewed sex-ratios may be mitigated 



 

163 
 

by it being a parthenogetic species. Consequently, climate change influences on temperature could have a 

profound impact on fish populations. Growth rates and gonadal development tend to decrease on either 

side of the optimal temperatures for individual species. Shallow marginal areas tend to be warmer than 

deeper channel areas and are thus favourable for metabolic processes. Juveniles and small adults also use 

shallow water as a predation refuge. Submerged aquatic macrophytes are also important for some 

estuarine-associated species (e.g., pipefishes and seahorses, gobies, blennies and sparids such as 

stumpnose) [60]. These habitats, in estuarine lakes, are typically shallow subtidal. Intertidal habitats are 

limited, but where they occur are important for estuarine dependent marine species. Deeper intertidal 

habitat is used as a refuge from predation [81,82]. Very deep subtidal areas in estuarine lakes are likely to 

have quite distinct water quality characteristics, including low oxygen levels, that might preclude use by 

fishes. A decrease /increase in floods will have a related impact on the fluvially dependant nearshore marine 

habitats that rely on river inflow for salinity and turbidity fronts, nutrient input, sediment supply and detritus 

(organic matter). Changes in flood behaviour will also have an impact on migratory signals and fish 

recruitment to estuaries [83,84]. Most systems reflected sensitivity to future climate change conditions 

(between 5 and 25%), with the biggest shift observed in the Klein reflecting the cumulative impact of climate 

change and nutrient enrichment. Systems such as the Touw/Wilderness and Swartvlei was also sensitive to 

the combination of changes in rainfall/runoff, mouth state, warmer conditions and enrichment. 

Droughts and floods: An increase in future occurrence of drought conditions is very likely to decrease 

marine connectivity (less open mouth conditions) and/or decrease lake water levels. Drastically reduced lake 

levels are likely to isolate parts of the estuarine lake systems from each other (e.g., Rondevlei), thus 

impacting lake connectivity. Droughts are also likely to increase the likelihood of hypersalinity developing in 

some systems (e.g., Klein), or increase the duration and intensity of hypersalinity cycles (Heuningnes). 

However, in some systems prolonged periods of closure may lead to freshening of the lake system such as 

the case of the Bot/Kleinmond system. An increase in floods will increase opportunities for mouth breaching 

– and vice versa - which, in turn, will change connectivity with the marine environment. Changes in flood 

regimes will also change the sediment equilibrium in lake systems. In many cases, lakes are sediment sinks 

and thus sensitive to increased sediment input. Larger floods may deposit more sediments.  

During a flood event, salinities can be fresh or nearly fresh. However, after a flood event, salinities tend 

to increase significantly due to increased tidal amplitude and related seawater intrusion. Thus, an increase 

in floods and related scouring of the mouth area, can result in an increased salinities subsequent to a flood 

event. Systems such as Swartvlei may thus experience an increase in the maximum salinity achieved during 

the open cycle if floods were to intensify. Low tide levels can be dramatically lower after a flood event, 

reducing subtidal habitat and causing dieback /desiccation of submerged vegetation that is now exposed. 

Thus, reduction in habitat can impact on biota such as fish. 

 

 



164

4.1.2 Overall sensitivity of estuarine lakes

One of the key findings that emerged from the Estuarine Lake Vulnerability Assessment was that the 

maximum potential shift in estuarine state varied between 9% and 22% from present functionality under the 

RCP4.5 and RCP8.5 Climate scenarios (see Figure 3). In all cases, the maximum degree of change was induced 

by the RCP8.5 Far Future Scenario. RCP8.5 Far Future conditions were very likely to cause major impacts on 

estuarine connectivity and associated functioning, with related impacts on biotic productivity and 

composition. 

The responses to the RCP4.5 scenarios were generally grouped around the present state, with some 

scenarios even representing a shift towards natural conditions as a result of increased freshwater input in 

the mid-future scenarios. In most cases, the estuarine lakes were somewhat buffered against slight shifts in 

connectivity, water levels or salinity regimes as they are generally weekly connected to the sea and subjected 

to long periods of closure.

Figure 3. Relative sensitivity of the estuarine lakes of South Africa to RCP4.5 and RCP8.5 Climate Change Scenarios.

4.2 Climate change versus anthropogenic change

An important finding of the assessment was that in all systems assessed, except for Kosi, anthropogenic-

induced change exceeded climate-induced shifts in estuary functioning (see Figure 4); highlighting the 

degree of transformation the estuarine lakes have already experienced. In the case of Kosi (near-natural in 

its present state), the relative shifts were similar in magnitude.
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Given that estuarine lakes are nutrient sinks, that cannot be flushed by floods like other systems, the 

present water quality was a good predictor of future resilience, with enriched systems more likely to decline 

further in condition under hotter and/or drier future conditions. For example, the Klein that receives 

continuous wastewater input, is expected to become significantly more degraded under warmer climatic 

conditions. Increased mouth closure, lower water levels and warmer temperatures are very likely to drive 

an increase in harmful algal blooms and concomitant lower oxygen levels. Thus, very likely to increase the 

occurrence of fish kills in the system. In contrast, Kosi with near-natural water quality, mostly only responded 

to shifts in water levels and salinity regimes.

Relatively shallow lake systems, such as Verlorenvlei, Bot/Kleinmond and Heuningnes tend to be more 

vulnerable to the impact of reduced flows and/or the impact of drought conditions. In this type of system, 

event-scale droughts tend to dry out a large part of the lake beds and surrounding estuarine vegetation. 

Depending on the degree of marine connectivity, this type may also develop extreme hypersalinity in some

parts of the system. This effect could be further amplified if the system was already subjected to enrichment, 

with harmful algal blooms often associated with this type of conditions. In some systems like Verlorenvlei, 

blue-green algal blooms are associated with fish developing lesions during the breeding season. While in 

Botvlei and Soetedalsvlei (Heuningnes) drought conditions are associated with extensive reed die-off due to 

low water levels and hypersalinity. 

Figure 4. Graphic representation of the degree of anthropogenically-induced versus climate-induced change in the 

Estuarine Lakes of South Africa.
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5. Conclusions and recommendations 

The development of the abiotic and biotic conceptual models as an explicit step in the vulnerability 

assessment method allowed for the identification of commonalities and differences across estuarine lake 

systems and assists with bridging data gaps and extrapolating findings. The selected assessment approach 

was sensitive to change and allowed for the detection of climate-induced shifts in estuary function and 

productivity.  

The impact of droughts is of special concern. More effort should be made to develop measures that 

reflect the increase in the occurrence and duration of droughts explicitly (some broad measures were 

included in this estuarine lakes study). It is also recommended that all estuary conceptual models in future 

explicitly develop a ‘drought state’ (even if only based on theoretical understanding and/or extrapolated 

from similar systems).  This will assist with developing a more informed understanding of the impact and risk 

associated with severe droughts on estuaries moving forward. 

The impact of increasing temperatures on primary producers (e.g., algae and macrophytes) is not well 

understood and thus poorly coupled to predictions of change, especially under the RCP8.5 far-future 

scenarios. This results in a low confidence assessment. More research needs to be done to inform 

predictions. Similarly, more research is needed on the impact of elevated temperatures on estuarine fish 

and the protection deeper refugia offer in the face of rising temperatures. 

More effort should be made to develop coupled rainfall-runoff yield models specifically geared to better 

resolve climate change projections on river flows. Given the high degree of flow modification many estuary 

catchments are subjected to at present, it is not appropriate to merely superimpose climate change impacts 

on natural flow regimes. The impact of climate change needs to be reflected in conjunction with present 

levels of use (i.e., exploitation). Given the importance of evaporation in the development of water balance 

models for large water bodies such as the estuarine lakes, ongoing efforts in this regard should be supported. 

Groundwater is often ignored in these assessments, but under a hotter climate, this relative stable input 

parameter may change and needs to be considered in future studies as it plays a key role in maintaining lake 

levels in drought conditions. Given that many of the tools utilised in the estuarine lake vulnerability 

assessment have been set up and automated, e.g., estimating a change in mouth state, water quality and 

microalgae; should more detailed runoff, evaporation rates, or groundwater input datasets become 

available; it is recommended that the predicted abiotic state shifts be re-evaluated, and if need be, the 

vulnerability assessment workshop repeated. 

The concomitant impact of sea level rise was not included in this estuarine vulnerability assessment. It 

is recommended that where detailed topographical (e.g., LiDAR) information is available more systematic 

evaluation be undertaken of the impact of sea level rise on key estuarine habitats, such as mangroves and 

salt marsh, similar as to what was done in the Knysna Estuary [85]. Finally, it is recommended that the 

approach adopted in this study for estuarine lakes be expanded to other estuarine types in South Africa (e.g. 
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predominantly open and temporarily closed systems) to assess vulnerability to climate change at the 

country-level for all estuarine types. 
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Abstract: The impacts of climate change on crop water requirements were investigated for Luvuvhu River Catchment (LRC). 
The LRC is of paramount importance since it is a commercial hub for agricultural production in the Limpopo Province. 
Historical temperature data and climate projections from Conformal Cubic Atmospheric Model (CCAM) were used to 
estimate crop water requirements for banana, maize and tomatoes. The period considered for the estimation ranged from 
2010 – 2099. The results showed increase in crop water requirements for banana, maize and tomatoes. Highest crop water 
requirements were obtained from the most downstream station (Tshanzhe) with values ranging from 5.40-24.65, 17.10-
25.87, and 5.00-22.97 mm/day for maize, tomato and banana for the periods 2010 – 2019, 2050 – 2059 and 2090 – 2099. 
Increased crop water requirements will have negative consequences on agriculture and livelihoods of the communities and 
subsistence farmers. Similar studies in other catchments and covering more crops are essential to further contribute 
knowledge on climate change impacts. 

Keywords: CCAM, climate change; crop water requirement; water availability 
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1. Introduction 

South Africa is a semi-arid to arid country characterised by a highly variable and unpredictable 
climate with constrained water resources [1]. This is worsened by the changes in temperatures, rainfall 
and climate extremes as indicated by the climate projections. Engelbrecht et al. [2] projected a general 
decrease in rainfall over southern Africa under enhanced anthropogenic forcing while increase in 
temperature is expected to exceed 3°C over the northern parts of South Africa. DEA [3] projected 
significant reductions in rainfall in the future, with the pattern of drying projected to increase over 
time and annual average temperature increase of 3 – 6°C. These changes in climate are expected to 
impact on available water resources as well as irrigation water requirements. At national level, 
preliminary results suggest between 20% reduction to 60% increase of runoff under an unconstrained 
greenhouse gas emissions scenario in South Africa [3]. It has also been projected that median irrigation 
demand will increase by possibly more than 12% in South Africa under unconstrained global emissions 
path [4]. An increase in daily temperature by 2°C will result to 5 – 13% increase in potential 
evapotranspiration [5].  

 
Studies have used outputs from global climate models (GCMs) to assess impact climate change on 

future crop water requirements. Schulze and Taylor [6] used climate projections from coordinated 
regional climate downscaling experiment (CORDEX) to project irrigation water requirements of an all-
year crop under various climatic scenarios in South Africa. The projections indicated that more than 
6% water will be required to satisfy irrigation requirements in semi-arid areas while more than 25% 
will be the wetter eastern parts of the country compared with those of the period 1976-2005. The crop 
water requirements for 2020 and 2050 were estimated based on CROPWAT based on outputs from 
HadCM3 GCM in a study by Rao [7].  The results indicated increase in water requirements for wheat, 
maize, sorghum and millet crops between 2020 and 2050 when compared to 1990 to 2020 with maize 
having the highest crop water requirements. Water Evaluation Allocation and Planning-MAitrise des 
Besoins d'Irrigation en Agriculture (WEAP-MABIA) model driven by six CORDEX climate change data for 
RCPs4.5 and 8.5 was used to quantify the effect of climate change on maize, soya beans, dry beans and 

[8]. The findings indicated steady increase in crop 
water requirements for both RCPs which were linked to increased temperature and decreased 
precipitation during planting seasons.  

 
Midgely et al. [9] and DEA [3] indicated the economics of climate change impacts on crops. In 

Ethiopia, Deressa [10] indicated that there would be crop net revenue per hectare by the year 2100. 
The study further indicated that if the impacts are not reduced, there would be severe impacts for 
different crops. In South Africa, Singels [11] indicated that there have been significant moves with 
regards to modelling the impacts of climate change on water requirements. The study showed how 
different models can predict the impacts. Zimmermann et al. [12] showed that climate change affected 
crop yield, land use, and environment in response to crop sowing dates and thermal time 
requirements. Common approaches employed in estimating crop water requirements globally include 
SAPWAT, CROPWAT, amongst others. CROPWAT is the most widely used method due to its accessibility 
and data requirements. Some of the studies that used CROPWAT include [13], [14], [15]. [16] indicate 
that apart from estimating crop water requirements, CROPWAT can also be used to manage irrigation 
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scheduling particularly in areas where water availability may be an issue. Although the results are 
generally accepted, it is important to note that there is a greatest level of uncertainty attached to the 
estimation of water requirements [17]. Gong et al. [18] shows that uncertainties are inevitable in crop 
water requirement estimation. 

 
This study is aimed at determining the impact of climate change on crop water requirements. 

Agriculture serves as a source of food, employment, income and foreign exchange earning in Limpopo 
Province [19], and it is hence substantial in improving economic growth and sustaining livelihoods in 
the province including the Luvuvhu River Catchment (LRC). The upper third of the LRC is mainly utilised 
for commercial agriculture. Climate change will, therefore, impact on economic growth and livelihoods 
in the catchment. Studies that have been done in Limpopo Province including the study area mainly 
focused on perceptions of climate variation and the community’s ability to adapt to climate change 
[20], climate-risk management strategies [21] and [22], how small-scale farmers employed adaptation 
strategies in response to climate variability and change [23], perceived effects of climate change on 
crop production of smallholder farmers [24]. There is therefore for lack of knowledge on impact of 
climate change on crop water requirements. In addition, the study used Conformal-Cubic Atmospheric 
Model (CCAM) projections for estimating which are at higher resolution (8 km) as compared to climate 
projections used in the reviewed studies. It therefore provides an assessment of climate change 
impacts based on high resolution projections.  

2. Materials and methods 

This section deals with the methodology followed in executing the study including data collection. 
Three crops were selected for crop water requirements estimation, i.e. banana, maize and tomato.  

 
2.1.1 Study area 

The LRC covers an area of approximately 5,941 km2 and is situated between the longitudes 
29°49'46.16''E and 31°23'32.02''E and latitudes 22°17'33.57''S and 23°17'57.31''S in the Limpopo 
Province of South Africa (Figure 1). The rainfall received in the area during the summer season averages 
450 mm per annum to more than 1200 mm in the mountainous area. The predominant topographical 
feature in the LRC is the Soutpansberg Mountain range which has a profound effect on the hydrology 
of the catchment. Some parts of the catchment like Entabeni around the Soutpansberg area receive 
up to 2,000 mm of rainfall per annum. This makes the upstream of LRC a strategic water resource area 
for both domestic and agricultural water supply in the catchment. The average daily temperature is 
28°C. Some areas of the catchment towards the downstream with very low rainfall and high 
temperature can be described as semi-arid to arid. Commercial and subsistence (small scale) farming 
of diverse crops are common within the LRC. Some of the common crops include mangoes, avocadoes, 
guavas, macadamia nuts, tomatoes and bananas. Odiyo et al. [25] has identified crops that were 
prioritised for inclusion in the Vhembe District Municipality Agri-Park programme. The programme was 
aimed at eradication of rural poverty as part of the 2011 Green Paper on Land Reform policy review 
and reformulation process. The crops were prioritised based on biophysical (climatic, soil and resilience 
to weed, pest and disease and adaptability to adverse conditions); transport, market access and 
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demand; strategy, payback and profitability; human, physical and financial capital, linkages and 
processing opportunities, job creation (direct on-farm job creation), local development, global 
competitiveness and trade, political and institutional issues; social issues, and food security and 
sustainability factors. 

 
Figure 1. Location of the study area. 
 
 
2.1.2 Data 

Daily temperature data was obtained from high resolution CCAM projections of present-day 
climate and projections of future climate change over South Africa generated by CSIR [2]. The 
procedure for generating the CCAM data involved downscaling climate projections from 6 GCM 
simulations of the CMIP5 and Assessment Report Five (AR5) of the Intergovernmental Panel on Climate 
Change (IPCC) for the emission scenarios described by Representative Concentration Pathways 4.5 and 
8.5 (RCP4.5 and 8.5) at 50 km resolution [2]. A multiple-nudging strategy was then used to obtain an 
integrated stretched-grid mode at a resolution of about 8 km (0.08° degrees in latitude and longitude) 
over South Africa [2]. The 8 km projections are ideal for Luvuvhu River Catchment with distinct 
topographical features including the Soutpansberg Mountain. The CCAM future temperatures were 
for the period 1961/01/01 to 2099/12/31. Figure 2 indicates an overview of CCAM temperature data 
used in the study. These are average temperatures for the periods 1991/01/01 – 2021/12/31, 
2022/01/01 – 2052/12/31 and 2053/01/01 – 2083/01/01 which were considered to be historic, near 
future and far future, respectively.  
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Figure 2. CCAM temperature data.

2.1.3 Projections of crop water requirements

Evapotranspiration was used in the estimation of crop water requirements for selected crops 
within the LRC under changing climatic conditions. Temperature data from CCAM stations t-232300, t-
232305, t-229306 and t-2207307 were used in the estimation of evapotranspiration for the period 
2010-2099. In this manuscript, the stations are referred to based on the name of the village located 
close to them for simplicity (Figure 3). Stations t-232300, t-232305, t-229306 and t-2207307 are 
henceforth referred to as Vleifontein, Maniini, Malamangwa and Tshanzhe, respectively. The selection 
of the stations was done such that the estimations covered areas in the upstream, midstream and 
towards the downstream of the LRC (Figure 3). Crop water requirements for selected crops within LRC 
were estimated based on reference crop evapotranspiration, duration of different growth stages and 
estimated reference evapotranspiration (Equation 2.1). 

       occrop ETKET ,   (2.1)

where ETcrop = the water requirement of a given crop in mm/day, Kc = the crop factor and ETo = 
the reference crop evapotranspiration in mm/day. Reference evapotranspiration was estimated based 
on the Hargreaves equation below (Equation 2.2) [26]: 

)8.17(0023.0 5.0

aao TTDRET , (2.2)

where Ra is extraterrestrial radiation (mm/day), TD is the difference between the daily maximum 
and minimum temperatures, Ta is the mean daily temperature and Ra was computed as (Equation 2.3):
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       ssdGR rsca sincoscossinsin
)60(24

,                                  (2.3) 

where Gsc is the solar constant, dr is the inverse relative distance Earth-
angle,  
in [27]. Estimated ETo for the period 2010 – 2019 were divided by a pan coefficient of 0.7 to convert 
them into evaporation to enable comparison with observed pan evaporation. This was done to verify 
the estimated values and could only be done for CCAM temperature stations (Vleifontein, Maniini and 
Malamangwa) which were within the vicinity of pan evaporation stations. Evaporation data for stations 
A9E002 and A9E004 were compared with evaporation estimated based on Hagreaves method [26]. 
The data periods used corresponded to the period when pan evaporation data was available. A9E002 
and A9E004 had data for the periods 1961/01/01 to 2019/09/01 and 2009/11/30 to 2019/07/01, 
respectively. Figure 4 indicates the crop coefficients (Kc) and stages of development for selected crops 
(maize, banana and tomato) used in the study. These were obtained from CROPWAT model and based 
on data from Allen et al. (1998). The planting dates of 15 October, 1 December and 1 September were 
considered in the study. 

 
Figure 3. Distribution of stations and neighbouring villages.  
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Figure 4. Crop coefficients (Kc) and stages of development for (a) maize, (b) banana and (c) tomato. 

3. Results

Comparisons of observed and estimated evaporation indicated similar behaviour (pattern) though 
evaporation was overestimated in some of the periods (Figure 5). The results presented are for 3 years 
to show a clear view of the comparison between observed and estimated values. Figure 6 indicate the 
average crop water requirements for three selected crops (banana, maize and tomato) for the periods 
2010 – 2019, 2050 – 2059 and 2090 – 2099. These have been used as examples to indicate the crop 
water requirements under changing climatic conditions. There was a general increase in water 
requirements for all crops in the periods 2010 – 2019, 2050 – 2059 and 2090 – 2099 (for the 3 crop 
types). Tomato had the highest average crop water requirements with a range of 10.38 mm/day in 
September (Malamangwa) to 25.87 mm/day in November (Tshanzhe). Crop water requirements for 
banana steadily increased in the months of October, November and December for all the periods. The 
crop water requirements for maize were relatively high in December and January while those of 
tomato were high in November and December. Average crop water requirements increased moving 
downstream of the catchment indicated by the increases in the estimates for Vleifontein, 
Malamangwa and Tshanzhe (Table 1). This indicates the spatial variation in crop water requirements 
moving towards downstream. Highest crop water requirements were obtained from the most 
downstream station (Tshanzhe) with ranges of 5.40-24.65, 17.10-25.87, and 5.00-22.97 mm/day for 
maize, tomato and banana for the periods 2010 – 2019, 2050 – 2059 and 2090 – 2099 (Table 1). 

(a

(b) 

(c) 
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Table 1. Ranges of average crop water requirements 
 

Crop Period Vleifontein Malamangwa Tshanzhe 
Maize 2010-2019 

2050-2059 
2090-2099 
 

2.70-9.39 
6.17-19.41 
7.28-22.03 

5.09-17.06 
6.32-19.03 
7.22-21.82 

5.40-15.98 
6.71-19.95 
7.57-24.65 

Tomato 2010-2019 
2050-2059 
2090-2099 
 

10.46-19.19 
10.77-21.39 
12.73-25.17 

10.38-18.77 
10.66-20.90 
12.72-25.16 

17.14-21.59 
17.10-21.82 
19.79-25.87 

Banana 2010-2019 
2050-2059 
2090-2099 

4.42-18.84 
4.46-21.24 
5.16-23.99 

8.17-19.68 
7.87-21.06 
9.04-24.76 

5.00-15.15 
4.96-22.97 
5.77-24.59 

 
 
 
Figure 7 indicates the changes in crop water requirements computed as the difference between 

the requirements for the periods (A) 2050 – 2090 and 2010 – 2019, (B) 2090 – 2099 and 2050 – 2090 
and the overall period (C) 2090 – 2099 and 2010 – 2019, with period (C) having the highest positive 
changes in crop water requirements. There were slight negative changes in crop water requirements 
for banana in the months of June and September for Vleifontein and Tshanzhe in period A. The months 
of February, May-July and September for Malamangwa also had slight negative change in crop water 
requirements for banana the same period. The average crop water requirements for banana for these 
months in the period 2010 – 2019 were higher than those in the period 2050 – 2090 resulting to 
negative changes. The changes in average crop water requirements for maize the periods A, B and C 
ranged from 0.46 to 11.02, 0.10 to 4.76, and 0.27 to 4.70 mm/day for Vleifontein, Malamangwa and 
Tshanzhe, respectively. For banana, the changes in average crop water requirements for the periods 
A, B and C ranged from -0.17 to 7.04, -0.001 to 7.14 and -013 to 7.5 mm/day for Vleifontein, 
Malamangwa and Tshanzhe, respectively. The changes in average crop water requirements for tomato 
for the periods A, B and C ranged from 0.28-4.86, 1.55-5.59 and -0.04 to 5.35 mm/day for Vleifontein, 
Malamangwa and Tshanzhe, respectively.  The results indicated dominant positive changes confirming 
increase in on crop water requirements for all crops in the study area.  
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Figure 5. Observed and estimated evaporation.



181

Figure 6. Average crop water requirements (Row: (a) maize (b) banana (c) tomato)).

(a) 

(b) 

(c)
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Figure 7. Change in average crop water requirements (Row: (a) maize (b) banana (c) tomato)). 

4. Discussion
The increase in crop water requirements for the three crops is related to the expected increase in 

future temperatures (Figure 6). Previous studies have also projected increase in crop water 
requirements related to climate change. The studies by Parekh et al. [28] and Chowdhury [29] also 
reported increased future water requirements for maize and tomato which were linked to increased 
temperature due to climate change. In their study, [8] indicated that crop water requirements for 
maize in the Olifants River Catchment will increase and this will result to decline in crop yield. The LRC 
is expected to have increased temperatures in the future as reported in [30]. Projections of 
temperature rises of between 3-5°C were also forecasted under low mitigation for Limpopo Province 
where the study area is located. An increase in daily temperature by 2°C increase in daily temperature 
will result to 5–13% increase in potential evapotranspiration [31]. Based on this, the rise in 
temperatures is therefore expected to increase potential evapotranspiration by more than 13% in the 
study area. The crop water requirements vary due to the highly variable climate of LRC as noted in 
Odiyo et al. [30] and Mukwada et al. [32]. The downstream area within the vicinity of Tshanzhe is 
typically dominated by subsistence rainfed agriculture. The increase in water requirements will have 
negative consequences on rainfed agriculture and livelihoods of the communities and subsistence 
farmers. This will be exacerbated by decreased rainfall patterns which have been projected by 

(a) 

(b) 

(c) 
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Engelbrecht et al. [2] and Odiyo et al. [25]. The average crop water requirements for maize, tomato 
and banana for the entire study period ranged from 2.70 to 24.65, 10.38 to 25.87 and 4.42-24.59 
mm/day, respectively. The water requirements for banana are ideally in the range of 3.0 – 6.3 mm/day 
during the growth and production cycle [33]. Actual irrigation water for tomato crop may be 
recommended between 4.1 and 5.6 mm/day [34]. Maize needs 450 to 600 mm of water per season 
[35] which is equivalent to a range of 3.6 to 4.8 for a crop growth duration of 125 days considered on 
this study. The average crop water requirements for maize, tomato and for 2010 – 2019, 2050 – 2059 
and 2090 – 2099 estimated in this study are mostly higher than the standard water requirements for 
these crops and this is linked to climate change. Tomato is the second most important and popular 
vegetable crop which is cultivated commercially and commonly grown by subsistence, resource poor 
farmers and home gardeners in South Africa [36] while maize is a staple food for most of the 
communities in LRC. The high crop water requirements may result to crop failure and/or reduced crop 
yields as rainfall is also expected to decrease in the future. The reduced yields will threaten livelihood 
and food security for the communities in the study area. 

5. Conclusions 

This study demonstrated the impact of climate change on crop water requirements in the LRC. 
Climate change projections from CCAM model were used in projecting near future and far future crop 
water requirements. There was an increase in projected crop water requirements. The semi-arid 
nature and highly variable rainfall distribution within the LRC will exacerbate the impact of climate 
change on agriculture due to increased crop water requirements. This will significantly pose major 
implications for subsistence and commercial farmers as well as food security for local communities. 
The study has shown the potential impact of climate change on crop water requirements with negative 
implications. The study has shown the potential impact of climate change on water requirements for 
different crops, particularly those considered staple food. 
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Abstract: In this chapter we investigate whether a policy environment would be enabling for the South African Water sector 
to effectively respond to the climate crisis. The limited water resources face increasing pressures attributed to fast growing 
population, economic development, and urbanisation. These pressures are projected to be further exacerbated by changes 
in climate. Together the pressures, coupled with gaps in government policies, and the lingering past-apartheid 
institutionalized segregative water allocation and rights policies, together with the chronic gender disparity calls for an 
urgent response to climate crises. The approach employed in this assessment was to review the water governance 
framework and past experiences on the policy environment in responding to prevailing challenges and this was used to 
infer if the sector is likely to respond to climate change based on current policy environment. The challenges owing to 
increasing pressure and climate change as said are to be addressed through adequate governance of the available water 
resources. The water governance is driven by the political, social, economic, and administrative systems that influence the 
use and management of water. This is essentially about equitable allocation of water resources and other rights to it, its 
related services, and their benefits. These challenges require a paradigm shift in approaches employed by water managers 
and planners that consider complexities, introduced by highly variable and unpredictable conditions, in addressing water 
resources management. South African governance’s framework aligns with international and regional best practices, and 
it is said to have some of the world’s best policies; however, the main challenges to their success stems from low adaptive 
capacity and limited translation of good policies into practice. These lead to lack of implementation and investment in the 
development of the water systems to meet the growing demands.  This chapter demonstrates the importance of not only 
good water policy environment but also good governances to meeting the demands. 

Keywords: Policy environment; governance; climate change; resilience; systems; adaptive capacity 
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1. Introduction 

Climate change is no longer a projection, and its impacts to some extent on systems are evident and 
well documented in the recent Inter-governmental Panel of Climate Change (IPCC) Assessment Report. The 
report calls for urgent action on water and climate. Moreover, the report confirms that people around the 
world are experiencing devastating consequences – climate change is intensifying the water cycle, including 
its variability, global precipitation and severity of heat and cold as well as dry and wet events [1]. Most of 
scientific evidence is based on field observations from long-term monitoring networks that shows [2] that 
climate change is occurring. Climate change has altered the already highly variable weather patterns, leading 
to more incidents of extreme weather events, unpredictable water availability, exacerbating water scarcity 
and contaminating water supplies. The extreme weather events associated with climate change reveal 
existing underlying threats to water security [1]. Some of the most noticeable impacts result from the way 
climate change intensifies the water cycle, bringing more intense rainfall and associated flooding, as well as 
more intense drought in many regions. In South Africa, climate change poses a significant threat to the 
already highly variable and erratic rainfall patterns, high temperature with associated double evaporative 
demand as opposed to rainfall received, and the limited and unevenly distributed water resources. 

 
Water is the primary vehicle through which we feel the impacts of climate change. Water is crucial for 

development, especially in a region such as Southern Africa where water access remains a challenge and 
tops local leader political agendas [1]. This is evidently demonstrated by the fact that water is a catalyst and 
essential for all developments and sustain livelihoods. Water management under the changing climate is a 
serious challenge facing water managers and decision makers worldwide. Over the years water managers 
and planners have been contending with climate variability and its impact on water resources and supply.  
The water policy practices with respect to climate have and still markedly are such that predictions on future 
status of water assume stationary climatic conditions [3]. However, intransient conditions typically prevail 
under climate change. 

 
In South Africa, climate change poses significant threats to the country’s water resources, food security, 

health, infrastructure, as well as its ecosystem services and biodiversity. These plausible impacts are 
exacerbated by an already vulnerable system, characterised by high levels of poverty and inequality, thus 
posing critical challenges for national development [4]. These projected impacts are alarming and are of 
immediate societal relevance. For example, a change in available water supply and its predictability in South 
Africa would have major implications in most sectors of the economy, especially for urban and agricultural 
demands. The economies of developing countries including South Africa depend on climate sensitive sectors 
[5] such as agriculture and water.  However, South Africa is a water scare country with almost half the 
World’s average in rainfall [6] and very high evaporation rate due to high temperature under natural 
conditions (i.e. prior to factoring climate change effects). The country is also highly variable in terms of 
climate. Various stress factors such as water pollution, unsustainable water use and climate change 
exacerbate the water situation.  To address a number of these and other water related challenges it is 
necessary to ensure enhanced adaptive capacity and access to the means of adaptation.   

 
The strategic plan of the Department of Water and Sanitation (DWS) asserts that for South Africa to 

achieve water security, a strong regulation in terms of water quality, balancing demand and supply, ensuring 
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the safety of dams, and being resilient to climate change impacts [7] are imperative. The second edition of 
the National Water Resource Strategy and the Water and Sanitation Sector Policy on Climate Change are 
both strategic documents of the DWS that underpin policies and strategies for mainstreaming climate 
change in the operational plans [8,9].  However, to guide and inform the implementation of policies the 
Climate Change Response Strategy for the Water Sector was developed. This chapter therefore assess and 
review the policy environment as an enabler to the resilient response to the changing climate over and above 
practical and physical measures that improves the adaptive capacity. 

2. Review and Analytical Approach 

The review follows a desktop study based on information that is available in the public domain. As a 
point of departure, water related governance frameworks were reviewed, that is, both National and 
International best practice are considered to develop an understanding of how the policy environment 
enables or act as a barrier to climate change adaptation in the water space.  That climate is changing is no 
longer a debate since evidence of change is observable and encountered in various situations.  Much of 
scientific evidence is based on field observations from long-term monitoring networks that show [2] that 
climate change is occurring. This is further endorsed by several researchers [10,11,12,13,14]  who 
acknowledge the fact that climate change impacts will mostly be realized and felt through water.  This is 
evidently demonstrated by the fact that water is a catalyst and essential for all developments and sustain 
livelihoods. 

3. Water Governance and Policy 

The South African water governance framework includes the Constitution of the Republic of South Africa 
[15], legislation; national, regional and global policy directives; governance structures in national, provincial 
and local spheres of government, as well as the country’s regional and international commitments in the 
water sector. The Department of Water and Sanitation is mandated to ensure that the country’s water 
resources are protected, managed, used, developed, conserved and controlled through regulating and 
supporting the delivery of effective water supply and sanitation. To this end, the work of the Department is 
funded through the national budget (Vote 41). The purpose of the Vote is to ensure the availability of water 
resources, facilitate equitable and sustainable socio-economic development, and ensure universal access to 
water and sanitation services. 

3.1. Legislation 

In South Africa, the legislative framework that regulates access to and availability of water resources 
includes the Constitution; the National Water Act (NWA; Act No. 36 of 1998); and the Water Services Act 
(WSA; Act No. 108 of 1997). These pieces of legislation aim to enable Government, through the work of the 
Department of Water and Sanitation, to deliver on citizens’ right to sufficient food and water, grow the 
economy and eradicate poverty.  

• Constitution – Section 27(1)(b) guarantees for everyone the right to have access to sufficient food 
and water. It obliges Government to take reasonable legislative and other measures, within its available 
resources, to ensure the progressive realisation of this right.  

• National Water Act – The purpose of the Act is to ensure that the country’s water resources are 
protected, used, developed, conserved, managed and controlled in ways that take into account factors such 
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as promoting equitable access to water; meeting the basic human needs of present and future generations; 
and promoting the efficient, sustainable and beneficial use of water in the public interest.  

• Water Services Act – Some of the main objectives of the Act are to provide for the right of access to 
basic water supply and the right to basic sanitation necessary to secure sufficient water and an environment 
not harmful to human health or well-being; the accountability of water services providers; and the 
promotion of effective water resource management and conservation.  

• Climate Change Bill – The Bill is currently undergrounding the Parliamentary review process before it 
is sent to will be enacted into law. In its draft form is seeks to enable for the development of an effective 
climate change response and a long-term just transition to a low-carbon and climate-resilient economy and 
society for South Africa in the context of sustainable development, through provision of legislative mandates 
for different climate sensistive sectors,  Departments and across the different spheres of government.  

3.2.  Policy 

South Africa’s approach to ensuring access to and availability of water resources is underpinned by the 

strategic imperatives relating to water and sanitation at national (National Development Plan 2030 and 

Medium-Term Strategic Framework 2019-2024); regional (African Union Agenda 2063: The Africa We Want); 

and global (2030 United Nations Agenda for Development (SDGs)) levels. The relevant provisions contained 

in these documents are summarised in Table 1 below. 

Section 24 (b) of the Constitution of South Africa, stipulates that everyone has the right to have the 

environment protected, for the benefit of present and future generations, through reasonable legislative 

and other measures that among other, to secure ecologically sustainable development and use of natural 

resources while promoting justifiable economic and social development [15].  In order to give effect to the 

Constitutional prescripts in this regard, the State is obliged to act to achieve the intended result, and the 

legislative measures will invariably have to be supported by appropriate, well-directed policies and programs 

that are reasonable both in their conception and their implementation [5].  The Constitution also stipulates 

that everyone has the right to sufficient food and water, while the state must take legislative and other 

measures within its available means to ensure attainment of these rights.  

The legislative and financing instruments and institutions should synergistically be put it into practice to 

achieve sustainable, equitable and climate-resilient water management the policy [16]. In this regard, strong 

policies backed by sound technical understanding and operational capacity would yield the best form of 

adaptation to climate change [17] to deal with the general development challenges in sectors. The South 

African Water Policy was developed prior to the Water Law. That is appropriately in line with good 

international practice since the policy development represents the first aspect of an enabling environment 

[16]. The South African National Water Policy (adopted in 1997) hinges on the three (3) fundamental 

objectives; namely: achieving equitable access to water, sustainable use of water as well as efficient and 

effective water use. These objectives underpin the National Water Act (Act No. 36 of 1998) for management 

of water resources in South Africa. The Policy and the Act together with the National Water Resource 
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Strategy created an enabling environment for sustainable management and use of water, thus ensuring 

resilience building of the resource against various stress factors including climate change.   

The second edition of the National Water Resource Strategy (NWRS 2) is among other outlined strategic 

actions that need to be taken to ensure climate change considerations in water management and planning. 

The actions primarily entail water governance, infrastructure development, operation, and maintenance as 

well as sustainable water management. These are important ingredients for creation of the enabling 

environment for transformation of the water sector into resilient and adaptive institutions. 

The set of environmental policies and guidelines (Table 1) enables a low carbon transition within the 

context of the NDP, SDGs and Agenda 2063, with a focus on water resources. The policy framework links 

together South Africa’s international commitments, national policies, and legislation. 

Table 4. A set of environmental policies and guidelines 

 

Various countries worldwide took various policy positions to ensure enhanced resilience to climate 

change. [14] Resilience is expected to transform the social-ecological systems to shift to a socially desirable 

and sustainable regime in the European Union [14], thus calling for societal shifts from greenhouse gas 

intensive economy to a low-carbon one.  In a similar vein South Africa’s National Development Plan 2030 

 

National 
Development 
Plan 2030  

Medium Term 
Strategic 
Framework 
2019-2024  

Agenda 2063 
Goals  

Sustainable 
Development Goals 
(SDGs)  

Chapter 4 Economy 
infrastructure –  
The foundation of social 
and economic 
development:  

 Access to water and 
sanitation  

 Water resources and 
services  

 

Priority 1: Economic  
transformation and  
job creation  
Priority 4: Spatial  
integration, human  
settlements and local 
government  

Goal 7: Environmentally 
sustainable and climate 
resilient economies and 
communities.  
 
Priority Areas:  

 Bio-diversity, 
conservation and 
sustainable natural 
resource 
management.  

 Water security  
 Climate resilience 

and natural 
disasters 
preparedness  

 

SDG 6: Ensure 
availability and 
sustainable 
management of water 
and sanitation for all.  

Chapter 5. 
Environmental 
sustainability:  
An equitable transition to 
a low-carbon economy:  

 Sustaining South 
Africa’s ecosystem 
and using natural 
resources efficiently  

 Building sustainable 
communities  

 Responding 
effectively to climate 
change: adaptation  

 Managing a just 
transition  

 Enhancing 
governance 
systems and 
capacity  
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[17] also called for a transition from carbon intensive technology dependency to low carbon economy.  The 

National Development Plan (NDP) aims to ensure that climate change is effectively addressed and 

mainstreamed in every department, as an essential component of a broader national development strategy. 

The national aspiration is that by 2030 South Africa’s transition to an environmentally sustainable, climate-

change resilient, low-carbon economy and just society would be well under way. In this regard, the country’s 

approach [17] will essentially be strengthening the economic and societal resilience to climate change that 

include decreasing poverty and inequality, creating employment, improving education and promoting skills 

development, improving health care and maintaining the integrity of ecosystems.   

The National Climate Change Response Strategy for the Water Sector aims to guide and inform the 

mainstreaming of climate change considerations into water management and planning. The overall objective 

of the Strategy is to ensure effective management of climate change impacts as well as extreme events on 

the country’s water and sanitation through interventions that build and sustain South Africa’s social, 

economic and environmental resilience and emergency response capacity. The recently developed Climate 

Change Bill, under consideration in Parliament, seeks to translate policies and associated response 

frameworks at local scale, and through sector specific approach to ensure that no vulnerable groups or 

sectors are missed in the strategy and implementation. 

3.3. International and regional commitments  

South Africa is party to a number of international agreements that provide for, among others, the 
protection and sustainable utilisation of freshwater resources. These include:  

• Conventions – South Africa ratified the Convention on Biological Diversity (CBD) on 2 November 1995. 
The Convention promotes the conservation and sustainable use of biodiversity, especially through the 
protection of ecosystems, whilst respecting countries’ sovereign rights over biological resources within their 
own territories.  

• Furthermore, the United Nations Convention to Combat Desertification (UNCCD) requires States to 
promote the restoration, conservation, and sustainable management of land and water, and to cooperate 
with each other for the protection of those resources. It also requires neighbouring countries to work 
together in developing action programmes, which may include the joint sustainable management of 
transboundary water resources. South Africa ratified the UNCCD on 30 September 1997. 

• Paris Agreement 2015 – is an agreement within the United Nations Framework Convention on 
Climate Change (UNFCC) that addresses greenhouse-gas-emissions mitigation, adaptation, and finance. The 
agreement was negotiated at the UNFCC’s 21st Conference of Parties talks in France on 12 December 2015, 
and South Africa ratified it in 2016. The agreement entered into force on 4 November 2016. The agreement 
is a legally binding instrument that guides the process for universal action on climate change. It strengthens 
the global response to the threat of climate change by bringing all nations into a common cause of acting 
collectively, within the context of sustainable development and efforts to eradicate poverty, to hold the 
increase in global average temperature to well below 2°C and pursuing efforts to limit global temperature 
increase to 1.5°C [18].  
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• Southern African Development Community (SADC) Protocol on Shared Watercourse Systems, 2000 – 
SADC initially passed its Protocol on Shared Watercourses on 28 August 1995, and thereafter revised it on 7 
August 2000. The Protocol aims to foster closer cooperation among Member States for protection, 
management, and use of shared watercourses in the region. Member States agreed to cooperate on projects 
and exchange information on shared watercourses, consulting with each other and collaborating on 
initiatives that balance development of watercourses with conservation of the environment [19]. For 
example, the Lesotho Highland Water Project, which gets its water from the Senqu/Orange river, a shared 
river between Lesotho, South Africa and Namibia.  

• African Ministers' Council on Water (AMCOW) – was formed in 2002 in Abuja Nigeria, primarily to 
promote cooperation, security, social and economic development and poverty eradication among member 
states through the effective management of the Continent’s water resources and provision of water supply 
services. In 2008, at the 11th ordinary session of the AU Assembly in Sharm el-Sheikh, Heads of State and the 
AU agreed on commitments to accelerate the achievement of water and sanitation goals in Africa. They 
mandated AMCOW to develop and follow up with an implementation strategy for these commitments. 
AMCOW has also been accorded the status of a Specialised Committee for Water and Sanitation in the 
African Union. 

3.4. National, sub-national and local government structures 

In South Africa, the Department of Water and Sanitation is the custodian of water resources, with the 
primary responsibility for the formulation and implementation of policy governing the sector. The 
Department ensures that all South Africans gain access to clean water and dignified sanitation. It also 
promotes effective and efficient water resources management to ensure sustainable economic and social 
development. The National Government manages water resources through the 15 Water Boards. The three 
Largest Water Boards are Rand Water in Gauteng Province, Umgeni Water in Kwazulu Natal Province and 
Overberg Water in the Western Cape. They operate dams, bulk water supply infrastructure, some retail 
infrastructure and wastewater systems. Some also provide technical assistance to municipalities. Through 
their role in the operation of dams, they also play an important role in water resource management. The 
Water Boards report to the Department of Water and Sanitation. Municipalities are responsible for the 
delivery of water and sanitation services to communities and must develop plans for delivery. These plans 
take into account effective delivery of services to informal communities, as stipulated in the National Water 
Act of 1998 and related regulations that ensure that every citizen is entitled to receive a minimum of 25 litres 
of water per day within a 200-meter walking distance. 

3.5. Water resource access and availability 

Water access in South Africa should be considered within the context of the various factors that shaped 
it, most notably separate development under the system of Apartheid, which resulted in levels of water 
inequality. For example, Apartheid spatial planning and governance created a system that ensured certain 
groupings in communities and sectors enjoyed priority to the limited water resources. The spatial 
architecture of the Apartheid government policies, characterised by marginal agricultural land, uneven 
distribution of resources and access to water is still reflective and has influenced the industry, national parks, 
population groups and agricultural sectors [20] . 
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The pre-democratic water laws were directed towards allocating and regulating water use for 
commercial farming as key water user, in particular irrigation, while subsistence farming had no official 
rights, as the land was under communal laws [21]. The growing demands or competition for the limited 
water resources, even with reforms in water laws, makes it difficult for additional water users to be allocated 
in the current water system, thus making irrigation unattainable for subsistence farmers, thereby 
contributing to their inability to cope with climate-related risks. The post-Apartheid Government, in 
redressing past injustices through policy reforms and expanding services, failed to review the available water 
resources and implement the necessary water infrastructure for the growing water demands. Further, 
informal settlements and new water users (such as farmers, industry, amongst others) across the landscape 
are still excluded from water access.  

 
South Africa has access to surface water (77% of total use), groundwater (9% of total use), and recycled 

water (14% of total use). However, the population's dependence on water is not evenly distributed. Due to 
a lack of water infrastructure in rural settlements, 74% of all rural people are entirely dependent upon 
groundwater (i.e. local wells and pumps [22] ). In South Africa the scarce fresh water is decreasing in quality 
because of an increase in pollution and the destruction of river catchments, caused by urbanisation, 
deforestation, damming of rivers, destruction of wetlands, industry, mining, agriculture, energy use, and 
accidental water pollution. As the human population increases, there is an increase in pollution and 
catchment destruction. South Africa needs to reduce water demand and increase supply for a growing 
population and economy to ensure water security by 2030. This is envisaged through the National Water 
and Sanitation Master Plan, which details the requirements for appropriate investment in water resources 
and services and sets targets for adequate water conservation and demand management. 

4. Climate change and water 

4.1. Projected change in precipitation 

South Africa’s climate is highly variable under natural conditions with relatively low rainfall (of about 
500 mm per annum on average) and high temperature with resultant high evaporation rate. This high degree 
of spatial variation in rainfall across southern Africa is attributed to the influence of the ocean currents and 
prevailing winds [23]. The rainfall is also projected to decrease [1] in the Mediterranean, the Western parts 
of West Africa, and Southern Africa, regions which are already prone to droughts. Additionally, in recent 
studies [23] for South Africa decreases in rainfall and the number of rainfall days over parts of the country 
have been detected. Also, evidence from other studies indicates that inter-annual rainfall variability over 
southern Africa has increased since the late 1960s and that droughts have become more intense and 
widespread in the region. These climatic changes are most likely to impact negatively on water availability 
in South Africa, particularly as a developing state with water related challenges already.  On one hand, nature 
remain unsympathetic with only 9% of rainfall feeding rivers as runoff while only 4% recharges groundwater 
storage, while on the other unsustainable use of water country wide remains a high risk. 

4.2. Projected change in temperature 

Southern Africa has a warm climate, with the greater part of the region experiencing an average annual 
temperature above 17°C, and studies are also indicative of drastic increases in surface temperature [23], in 
the order of twice the global rate of temperature increase. The downscaled climate change projections 
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projected the increase in annual-average surface temperature to range between 4 and 6 °C in the African 
and between 3 and 5 °C in the African tropics [24].  This future further increase in temperature is likely to 
exacerbate the water scarcity in the country. 

4.3. Water sector implications  

South Africa is indeed a water is a scarce country under natural conditions, due to among other, low 
rainfall and high temperature. The situation is exacerbated by unsustainable use of the limited resource, the 
escalating demand due to economic and population growth, urbanisation and rising standards of living, 
unsustainable use and high levels of wastage and loss, and increasing pollution which renders water not fit 
for use [6]. Additionally, the degradation of wetlands, climate change driven variation in rainfall patterns and 
increasing temperatures are also contributing to reduced security of supply. Undoubtedly, the non-climatic 
stress factors overshadow the climate change impacts. In other words, climate change is most likely to 
aggravate the already dire water situation.  

 
The water sector in response need to develop additional water sources to make up for the shortfall in 

supply. However, it is quite clear that although surface water is South Africa’s major source contributing 
about 77% of the total water use, this water resource mix type is oversubscribed, and development potential 
thereof is somewhat limited albeit it is still an economically viable option as well. On the other hand, other 
alternative yet relatively unconventional sources such as groundwater, return flows and desalinated water 
have great potential subject to appropriate assessment.  Hence, the National Water and Sanitation Master 
Plan requires the diversification of the water resource mix [6] wherein surface water contribution will 
progressively reduce to 63% by 2040 while other alternative sources increase. For instance, groundwater 
contribution to water resource mix is planned to increase from the current 9% to 12% by 2040. Water 
conservation programs that seek to improve water use efficiency through education and awareness 
campaigns also need to be strengthened to reduce the need for water restrictions during drought, to delay 
the need for developing new water supplies that are relatively more costly. The nonrevenue water, 
particularly for domestic use in Local sphere of Government also need to be reduced. It is also crucial to 
manage demands for water among users, by various innovative approaches. 

 
The strategic plan of the Department proposed adapting to climate change imperatives as well as taking 

advantage of the technological advances in line with the 4th industrial revolution [7]. In fact, to ensure water 
security the strategic plan calls for regular balancing of water requirements and supply, to inform reduction 
in water demand, and augmentation of supply for a growing population and support the economy. The 
Planning division of the Department currently undertakes reconciliation studies that entail water balances 
taking climate change into account. 

 4.4. Policy recommendation and adaptive strategies 

To address these challenges the systems and tools as well as appropriate adaptation measures are 
necessary and essential. In other words, it is worthwhile to enhance capacity of implementing institutions 
and to ensure availability of requisite tools to those responsible for implementation. The poorer countries 
are not able to manage their current climate variability, due to lack of the means of implementation rather 
than lack of clarity regarding requisite strategies [25]. Indeed, making adaptation strategies available to 
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vulnerable communities without necessary funding or even prior training on how tools can be used is a futile 
exercise.  A case study in South Africa revealed that a shortage of capacity to deal with climate change and 
related policies within the Government stems from limited human and financial resources, and a shortage 
of relevant expertise and skills [26]. The other findings in the study were that growing complexity of work 
involved in designing and implementing sectoral and multisector decarbonisation and resilience policies 
made matters worse.   

 
Hydrological and climate monitoring data and information underpin all analysis, modelling, projections, 

and decision-making processes in water management and planning.  For instance, [2] emphasised that data 
from long-term monitoring networks is required to detect hydrologic changes for establishing baseline 
conditions and then record any changes over time. Additionally, good water management hinges on long-
term hydrological and meteorological monitoring networks that provide sound, accurate, timely, and 
consistent data that can be used readily to develop and assess decision making tools needed to quantify 
uncertainty, forecast change, and create the multiphase, multilevel climate scenarios that will provide 
reasonable and relevant management [2]. This demonstrates the importance of monitoring data and 
information in the adaptation process. In South Africa, however, the typical scenario encountered is 
invariably patchy data observation coverage in time and space.  To address this challenge, the National Water 
and Sanitation Master Plan requires that hydrological monitoring network should be improved to ensure 
that the climate change impacts are evaluated and considered in the analysis of water resources [6].  This 
directive has since been taken up; and plans are afoot to initiate the process of enhancing the national water 
monitoring network. 

 
South Africa has developed through coordinate efforts the National Climate Change Adaptation Strategy 

(NCCAS). NCCAS provides as a strategic policy, a common vision of climate change adaptation and climate 
resilience for the country, drawing from the National Development Plan, the National Strategy for 
Sustainable Development, the adaptation commitments included in its Nationally Determined Contributions, 
sector adaptation plans, provincial adaptation plans and municipality adaptation plans. It acts as a common 
reference point for climate change adaptation efforts in South Africa in the short to medium term, providing 
guidance for all levels of government, sectors and stakeholders affected by climate variability and change. It 
provides a policy instrument which articulates South Africa’s national climate change adaptation objectives 
to provide overarching guidance to all sectors of the economy and facilitates the degree to which 
development initiatives at different levels of government and business integrate and reflect critical climate 
change adaptation priorities, and thus inform resource allocation by the various stakeholders towards 
climate change resilience. It also guides a strong, coherent and coordinated approach to climate change 
adaptation activities between different institutions and levels of government while supporting South Africa’s 
efforts in meeting its international obligations by defining the country’s vulnerabilities, and its plans to 
reduce these vulnerabilities and leverage opportunities. NCCAS further recognises that adaptation to climate 
change presents South Africa with an opportunity to transform the health and the economy, in order to 
strengthen the social and spatial fabric, and to become more competitive in the global marketplace. This 
would however require systematic changes that would require important considerations of social and 
economic changes together with technological adjustments amongst others in order to make the significant 
change that would improve the resilience and minimize risks. The National Climate Change Adaptation 
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Strategy (NCCAS) therefore provides a common vision of climate change adaptation and climate resilience 
for the country, and outlines priority areas for achieving this [27]. 

5. Impediments and barriers in the water sector 

The South African Water Sector faces compounding challenges, wherein water availability is often not 
spatially well distributed to meet the growing demand and needs, or of the quality not conducive for use, 
due to unpredictable rainfall, limited infrastructure, the misuse of financial resources, and poor management 
– aggravated by corruption. The corruption watch report [28] gives examples of the corruption in South 
Africa’s sector, its consequences, and a way forward, while the State Capture Report [29] provides more 
details on the systemic mechanisms behind corruption in the water sector. This led to the failure in the 
systems to provide basic services, as contracts for planned projects were not completed – owing to poor 
workmanship, budgetary constraints as money had been channelled out of the system and deployment of 
unskilled individuals, amongst others.  

 
The impact of corruption in the water sector can be measured by the number of failed water projects, 

growing water supply and sanitation issues related to poorly maintained and inefficient infrastructure to 
support the growing population – crosscutting throughout the three spheres of government. It can also be 
attributed to failure to enforce laws meant to protect water sources from encroachment and pollution, 
resulting in discriminatory outcomes in water flows and irrigation patterns, leading to poor quality water 
and impacting the infrastructure that affects access to water. Moreover, the programme of water allocation 
and management reforms had been carried out since 1994 with institutional changes in the policy, legal and 
organizational dimensions. This was at some stage hailed as one of the world’s best. However, these reforms 
are still not realised owing to institutionalized misappropriation of funds and inequitable water distribution 
as some of the barriers. All these impediments coupled with a low adaptive capacity, make climate change 
a significant threat to the water sector. However, current policy interventions, leadership, reprioritization of 
infrastructure development and addressing immediate past failures promises a revival of the sector and 
actions towards resilience despite a rise in extreme events. 

6. Conclusions 

Water is one of the pathways through which climate change and its associated risks (such as floods, 
drought, erratic rainfall, and others) will affect people, ecosystems and socio-economic activities. Climate 
change, within the South African context, with ongoing challenges around water availability and access to all 
users, adds more complexities for water resource management. This has been shown in the recent IPCC 
report, which points to projected intensification in the water cycle. This in addition to the already unequal 
access to and distribution of water resources across South Africa, thus translating into peoples’ livelihoods 
being under threat. This particularly affects the poorest and most vulnerable of societies who rely on rain-
fed agriculture and who live in areas that have limited resources for adaptive activities. 

 
Over the years water managers and planners have been contending with climate variability and its 

impact on water resources and supply.  For South Africa, a water scare country with highly variable climate 
under natural conditions climate change is likely to exacerbate an already vulnerable system that needs 
enhanced adaptive capacity and access to the means of adaptation.  To address challenges, the Department 
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developed tools such as the National Water and Sanitation Master Plan to guide and inform appropriate 
response and to ensure water security and safe sanitation for the country. The fact that everyone has the 
right to sufficient food and water, while the state must take legislative and other measures within its 
available means to ensure attainment of these rights is South Africa’s Constitutional mandate makes the 
policy environment conducive to increasing the resilience and improving the adaptive capacity.    

 
In addition, the South African national water policy hinges on the three (3) fundamental objectives; 

namely: achieving equitable access to water, sustainable use of water as well as efficient and effective water 
use. Yet, due to among other lack of requisite resources, the State does not always have the means adequate 
and fit for use to make water available and accessible to everyone who needs it. The other tool is the National 
Climate Change Response Strategy for the Water Sector that aims to guide and inform the mainstreaming of 
climate change considerations into water management and planning. In terms of climate, the rainfall is 
projected to decrease in the Southern Africa, region while temperature is predicted to increase thus 
exacerbating the water situation in the country. These tools are currently being implemented to address 
water, climate and sanitation related challenges. A potential game changer in the policy landscape is the 
introduction of the Climate Change Bill, which seeks to coordinate and harmonize climate change efforts 
across all organs of state, through their various policies, plans, programmes, decisions and decision-making 
processes. This Bill has potential to guide South African effort towards sustainable development pathways 
through systems approach and reducing conflicting interventions and thus maladaptation. 

 
South Africa seems to have among the world’s best policy and governance frameworks which align well 

with international governance frameworks and treaties. However, challenges persist in efforts to address 
water related challenges. The recent Zondo commission reports point to decay in state governance and 
control systems of which were attributed to lack of political will and institutionalisation of corruption. These 
two issues need to be addressed to ensure that South Africa is prepared and has the necessary tools and 
measures to address the growing water demands, owing to climate crises and growing population 
(development). Attempts to correct this structural and system failures in the current situation shows a 
promising future. 
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