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The mandate of the South African Environmental Observation Network 
(SAEON) is to establish and maintain state-of-the-art observation and 
monitoring sites and systems; drive and facilitate research on long-term 
change of South Africa’s terrestrial biomes, coastal and marine ecosystems; 
develop and maintain collections of accurate, consistent and reliable long-
term environmental databases; promote access to data for research and/or 
informed decision making; and contribute to capacity building and education 
in environmental sciences. Its vision is: A comprehensive, sustained, 
coordinated and responsive South African environmental observation 
network that delivers long-term reliable data for scientific research, and 
informs decision-making for a knowledge society and improved quality 
of life. SAEON’s scientific design is adaptively refined to be responsive to 
emerging environmental issues and corresponds largely with the societal 
benefit areas of the intergovernmental Group on Earth Observations (GEO).

SAEON 
The Woods  Information
Building C, Ground Floor  Eva Mudau
41 De Havilland Crescent  Tel: +27 (12) 349 7722
Persequor Technopark  Email: eva@saeon.ac.za
PRETORIA 0020 

The vision of the Department of Science and Technology (DST) is to create 
a prosperous society that derives enduring and equitable benefits from 
science and technology. Our mission is to develop, coordinate and manage 
a national system of innovation that will bring about maximum human 
capital, sustainable economic growth and improved quality of life. 
We are guided by the corporate values of professionalism and competence. We 
will strive to deliver top-class, quality products and services, seek innovative 
ways to solve problems and enhance effectiveness and efficiency. 
The DST strives toward introducing measures that put science and technology 
to work to make an impact on growth and development in a sustainable 
manner in areas that matter to all the people of South Africa. 

DST Building
CSIR South Gate Entrance 
Meiring Naude Road 
SCIENTIA 0001

Tel: +27 (12) 843-6300 
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The idea for this book came from Albert van Jaarsveld. He discussed 
the possibility of a ‘coffee table book’ showing ‘before and after’ images 
of environmental changes in South Africa with Johan Pauw, who saw the 
relevance and necessity for such a book and its value for promoting the 
work of the South African Environmental Observation Network (SAEON), 
especially amongst politicians and decision makers, who by the nature of 
their work may not have much time to delve into the intricacies of scientific 
papers on environmental change, but need to advance sustainable policies for 
development. Together with Konrad Wessels, they developed the idea and 
approached me to act as project co-coordinator and to test the feasibility of the 
idea and set out a proposed table of content. Together we drafted a document 
listing broad topics or themes to be addressed and then went about listing 
potential contributors from the scientific and research community in South 
Africa. I then drafted a document formulating the goals that we would like to 
achieve and the approach to be followed by contributors to the proposed book. 
The potential authors were contacted and invited to participate in writing a 
book on ‘Earth observation and environmental change in South Africa’. The 
scientific and research community responded positively to the idea and a 
set of guidelines were sent to those willing to contribute to this publication. 
These authors sent in proposed titles and abstracts of what they had in mind. 
Their submissions were evaluated and most were accepted for inclusion. The 
vast majority of these authors honoured their commitments and submitted 
their full texts within a reasonable timeframe. A tentative table of contents was 
drawn up and circulated. Valuable inputs, especially from Sue Milton, led to 
a revised, restructured and reordered table of content very similar to the final 
version. Barend Erasmus, Charles Griffiths, Lauri Laakso, Johann Lutjeharms, 
Matlala Moloko, Sue Milton, André Theron, Rudie van Aarde, Brian van 
Wilgen and Alan Whitfield generously supplied supplementary photographs.
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The book that has materialised from this process is probably not quite what 
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my best efforts to keep it in line with out initial intentions! Although every 
effort was made to ensure that it would be ‘... an attractive, richly illustrated 
and easily readable book on the causes consequences and responses to 
environmental changes in South Africa’, its scientific nature became much 
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South Africa has a rich history of scientific excellence and of undertaking 
pioneering work in the environmental sciences. This richly illustrated 
publication is yet another valuable contribution to that heritage. According 
to a report by Thomson Reuters, between 2004 and 2008 South Africa 
ranked above average in the scientific fields of Environment and Ecology, 
contributing 1,29% of world output, with a citation rate averaging above 5 
per paper. 
South Africa can also be proud of its strong tradition of exploiting scientific 
knowledge to support effective policy and practice in sustainable development. 
Supported by my department, the South African Environmental Observation 
Network (SAEON) emerged from that tradition to establish six strategic 
nodes that jointly cover South Africa and its adjacent oceans. These nodes 
function as observation systems and platforms that enable the environmental 
sciences community to perform longitudinal studies of environmental 
change, and ultimately to support sustainable development objectives. This 
work has made a valuable contribution to science-based initiatives such as 
the Southern African Millennium Ecosystem Assessment in identifying 
possibilities for improving human wellbeing, taking into account the capacity 
of ecosystem services to support these improvements. 
South Africa continues to face crucial social and economic challenges. A set of 
12 priority outcomes has been identified for focused attention over the next 
few years. Effective management of our natural environment and assets is not 
only a key outcome in its own right, but also has an important contribution 
to make in supporting outcomes such as a long and healthy life for all South 
Africans, food security for all, and sustainable human settlements. 

Foreword
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The natural environment is a complex system with many interconnected 
strands. A range of human pressures combine with natural processes 
resulting in many and varied impacts and responses. Science investments are 
vital for the development of a knowledge base that can assist decision-makers 
to make sense of the complexity and to respond through policy measures 
and interventions. Science investments range from the development of long-
term environmental observation capabilities, the effective integration of new 
and existing datasets and the initiation of longitudinal studies, to ensuring 
maximum exploitation of the data through appropriate knowledge products 
such as forecasts, early warning systems and impact maps. 
Notwithstanding the strong foundation in environmental observation and 
research that already exists in South Africa, the Department of Science and 
Technology continues to prioritise this area for further development and 
investment within the context of its Innovation Plan. For example, we have 
committed to the development of satellites that will provide fine resolution 
and space-based data that we can exploit for areas ranging from environmental 
management to early warning systems for better disaster management. 
Over the next 10 years, through the Space Science Grand Challenge, we 
will be investing in satellites as well as supporting infrastructure that will 
constitute a stronger earth observation system. Coupled to these efforts 
are a range of other initiatives, under the umbrella of the Global Change 
Grand Challenge, which will support analysis and research on the basis of the 
available observation data sets as well as building a new generation of skilled 
scientists and practitioners. 

I would like to take this opportunity to congratulate the National Research 
Foundation, SAEON and the many scientists who contributed their time 
and expertise to this publication and to the work being done to maintain and 
strengthen our environmental science heritage. 
More importantly, I would like to acknowledge the attempts being made to 
enhance the accessibility of complex and technical scientific material in ways 
that empower all sections of society.

Mrs G.N.M. Pandor, MP
Minister of Science and Technology

December, 2010
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Environmental conditions on earth are changing rapidly. The degree to which 
these changes are human-induced could be debated, but the fact that changes 
are taking place is indisputable. As custodians of finite natural resources we do 
not have the luxury of being complacent. This highly illustrative book provides 
a glimpse into the environmental changes that have been observed. It is not a 
compendium of all changes, as that would require numerous volumes. The book 
highlights some pertinent aspects of environmental change and introduces ways 
in which satellite technologies and other observation systems are used to measure 
and monitor some of these changes. In many cases, the book describes the principle 
problems and discusses why these issues are considered problematic. The book also 
describes the main drivers of these changes, how the environment is responding, 
and how these problems can be solved. In addition, the book outlines the potential 
consequences of failing to act.

Why a book about environmental change in South Africa?

The key understanding that the reader will gain from reading this book is 
that scientific observation of environmental change is ubiquitous in South 
Africa and that these changes are progressively affecting the future of South 
Africans through their combined impacts on human livelihoods, security and 
prosperity. A conscious effort is made to distinguish ‘environmental change’ 

from ‘natural environmental variability’ in order to determine if the root 
causes of environmental change may be considered attributable to human 
activity. Natural environmental variability is normally of a periodic nature 
whereas environmental change can be experienced as a directional trend; 
either gradual or drastic, but with a high probability of being irreversible.
From the above, it follows that both the public and private sectors should 
rapidly mainstream environmental considerations and trends into their 
policy making, strategic planning, operations and market positioning. 
Consequently, the primary audiences for this book are decision makers and 
advisors at all levels of society, from government to civil society. The purpose 
is to provide them with a snapshot of pertinent scientific evidence to assist 
them in formulating intelligent and responsible policies and practices for 
the betterment of our society and to ensure the long-term futures of South 
Africans. Yet, the scope, breadth and depth of subject matter covered also 
renders this text useful reading for teaching and for further studies in related 
disciplines.

Making sense of environmental complexity

The natural environment is often illustrated as a spider’s web consisting 
of interconnected strands. Although each strand is fragile on its own, the 
intricate and beautiful web structure provides it with resilience against 
external forces. Similarly, global-scale earth systems (i.e. biogeochemical 
cycles of the atmosphere, oceans and land) can be viewed as nested and multi-
scaled ecosystems integrated through interactive processes. These systems are 
systemically afflicted by natural and human forces that act at multiple scales.

Introduction
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Amidst the obvious complexity of ecosystem studies, a standardised 
conceptual model of ecosystem function has emerged over time. This 
model was adopted by the United Nations Commission on Sustainable 
Development in 1995 and forms the basis of most state of environment 
reports, including those from South Africa [1]. The model is called the 
Driver-Pressure-State-Impact-Response (DPSIR) model (See Figure A) and 
it forms a golden thread that permeates the work presented in this book.

Batho Pele

Batho Pele − ‘People First’ − is the well-known slogan of the South African 
Government. It is therefore appropriate that the opening section of this book 
addresses issues of ‘People and Environmental Change’. The subsequent 
chapters describe a variety of pertinent environmental issues grouped into 
broad large-scale ecosystem topics spanning the atmosphere to the oceans. 
The book ends with a concluding chapter.
South Africans, across the board, are dependent on these vital life-supporting 
systems and what is presented should serve as a reality check about the 
status of these systems. From our understanding of environmental change, 
people are collectively and rapidly transforming the environment for short-
term economic and lifestyle gains, whether by choice or purely in order to 
survive. Yet, it should be clear that the longer-term impacts of irreversible 
environmental change will undermine the quality of human livelihoods and 
may compromise the essential life-support benefits derived from ecosystem 
services. In most instances, due to disparate access to resources, services, 
education and infrastructure, it must be anticipated that environmental 
justice and equality will suffer in the face of environmental change.
Environmental change is a global concern and requires ongoing observation, 
interpretation and responses from South African government and civil 
society. This book is therefore a bona fide ‘science for society’ contribution.
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FRESHWATER AND ESTUARINE SYSTEMS  

Introduction 
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Change is an integral part of all aquatic environments – not only do they 
change seasonally, they also fluctuate annually because the amount and 
distribution of rainfall and river run-off in any one year is never the same as 
the next. Similarly, the occurrence of floods and droughts is unpredictable 
and these events have the capacity to alter aquatic ecosystems in a way that 
persists for years or even decades. However, the changes that influence rivers 
and estuaries on the scale of centuries and millennia arise primarily from 
global or climate change. Scientific evidence has shown that the world has 
gone through periods of major climatic shifts, from ‘snowball earth’ when the 
entire globe was covered in snow and ice, to periods when tropical conditions 
prevailed over much of the planet, including Antarctica. What we have 
been experiencing over the past few centuries is a trend towards the latter 
conditions, which is being accelerated by massive production of greenhouse 
gases by vehicles and industries around the world. 
Based on historical and existing rainfall records, South Africa can be 
classified as an arid country, with a current mean annual freshwater run-off 
of approximately 49 000 million cubic meters. This scarcity is compounded 
by the uneven distribution of water resources, with the western parts of the 
country receiving less than 40% of the country’s run-off, in contrast to the 
eastern region that tends to have a higher run-off. The flow regime of South 
African rivers, which is normally somewhat erratic and linked to rainfall 
events, has a direct and indirect impact on the state of both freshwater and 
estuarine plant and animal communities. Aquatic ecosystems are adapted to 
these naturally variable flow regimes and this has shaped South Africa’s aquatic 
flora and fauna into various unique radiations, most of which are endemic 
to the region. However, these ecosystems are often not well adapted to the 
additional stresses induced by certain human activities, such as pollution, 
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estuarine pollution is invariably taken up by the animals living within these 
ecosystems, the consequences of which are severe for both the affected 
organisms and people utilising estuarine resources.
Climate change affects both rivers and estuaries, with changing temperature 
and rainfall patterns being particularly important. Changing river flows 
and water temperatures can result in new fish and invertebrate distribution 
patterns, with tropical species expanding their distribution and temperate 
species reducing their distribution under warming scenarios. Estuaries in 
particular are vulnerable to climate induced changes that affect the marine 
environment. For example, a sea-level rise of only 5  cm caused by global 
warming will lead to changes in estuary shape and size. In addition, altered 
wave climates around our coast can lead to either increased shoreline erosion 
or deposition, both of which will influence estuarine connectivity with the 
marine environment. 
With the advent of genetics in the management of water resources, scientists 
have been able to report a correlation between the loss of genetic variability 
in some freshwater species and the devastation of riverine habitats due to 
reduced gene flow between populations. Such adverse conditions in river 
systems are caused by over-abstraction of water, pollution and physical 
barriers like impoundments, especially when there is no provision of fish 
ladders. 
All the above challenges brought about by human activities call for 
interventions by multidisciplinary teams that have the ability to appreciate 
the challenges pertaining to South Africa’s aquatic systems and to recommend 
management actions to reverse the deterioration that is taking place. The 
authors in this section give specific and holistic perspectives around some 
of these problems, all of which require attention if we are to ensure that key 
elements are factored into the solutions that are needed if our rivers and 
estuaries are to survive global change.

excessive soil erosion, over-abstraction from rivers and inter-basin transfers. 
In addition, the stresses created by climate change and greenhouse gases 
produced by anthropogenic activities, such as the burning of fossil fuels, has 
further exacerbated an already precarious situation. The introduction of alien 
plant species has also created major problems in our river catchments and 
the DWA Working for Water Programme is trying desperately to reverse this 
invasion and restore water delivery to both rivers and estuaries. When one 
adds the problems created by the introduction of alien aquatic invertebrates 
and fishes to our streams and rivers, the need for management action becomes 
overwhelming.
Support for the view that we are responsible for negative trends in our rivers 
is provided by the decrease in freshwater fish population sizes and diversity, as 
well as changes to other indicator species (for example, invertebrates) of the 
health of aquatic systems. This trend is not something that has manifested 
itself in recent decades – indeed, as early as the 1960s it was reported that it 
was impossible to collect certain fishes from their type localities in the upper 
reaches of the Crocodile River due to pollution of the water resources. The 
shading effect of afforestation in some previously grassland catchments has 
changed the water temperature of the associated rivers to such an extent that 
fish distribution has been altered. Certain invasive trees, such as black wattle, 
have choked river catchments and caused perennial systems to become 
seasonal or intermittent in their flow regimes. When river flooding occurs in 
valleys infested by alien vegetation, the normal scouring pattern of the river is 
often altered due to large amounts of tree and other plant debris blocking the 
river channel. This has important negative consequences for the maintenance 
of habitat diversity within river and estuarine ecosystems. 
Estuaries, which are defined by the balance between freshwater inflow on 
the one hand and seawater influx on the other, are also impacted by altered 
river flow regimes. Since rivers bring vital nutrient and organic supplies to 
estuaries, the loss of freshwater inputs on the productivity of estuaries is 
significant. However, it is not only water quantities that are vital to estuaries 
– water quality is just as important. Rivers with high sediment loads due 
to catchment erosion will cause the smothering of submerged plants and 
the loss of nursery areas for fishes and invertebrates. Similarly, riverine or 
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FRESHWATER AND ESTUARINE SYSTEMS  

Estuaries and global change 
With an emphasis on the ichthyofauna
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Estuaries are dynamic environments that perform important ecological functions, 
such as providing nursery areas for numerous species of fish and invertebrates, as 
well as subsistence and recreational functions. However, estuaries are amongst 
the most threatened habitats in the country with reduction in freshwater inflow, 
coastal development and over-exploitation of living resources being the most 
important factors contributing to their deterioration. Climate change is also 
predicted to have a large impact on estuaries with the way in which individual 
estuaries respond to climate change depending to a large extent on other impacts 
already threatening the estuary.

Introduction

Estuaries are the meeting place of freshwater from rivers and saltwater from 
the sea which makes them unique environments that are of commercial, 
subsistence, recreational and ecological importance. There are approximately 
250 estuaries (with a total area of 600 km2) along the 3 000 km coastline 
of South Africa  [1]. Conditions in South African estuaries are markedly 
different from those in the adjacent marine inshore waters. South Africa’s 
marine inshore waters are typically subject to turbulent wave action; while 
in contrast, estuaries are calm, sheltered and shallow and provide important 
nursery areas for many species of marine fish and invertebrates. Numerous 
species of fish and invertebrates (more than 100) use estuaries as nurseries 
and/or feeding grounds. Species dependent on estuaries as nursery areas often 
spawn or breed at sea. Egg and larval development takes place at sea and this 
is followed by the mass migration of larvae and juveniles into estuaries, where 

higher temperatures and a rich food supply favour rapid growth. Juveniles 
typically remain in estuaries until the onset of maturity and then migrate 
back to sea [2]. Estuaries also perform other important ecological functions, 
such as providing conduits for species that migrate between the sea and rivers 
(such as eels), and many bird species depend on estuaries at different stages 
of their life cycle. Many coastal communities rely on estuarine resources for 
subsistence and estuaries are important areas for recreational activities, such 
as fishing, swimming and tourism. Despite the importance of estuaries they 
are amongst the most threatened habitats in the country [3].

The impact of human activities on South African estuaries

South African estuaries are subject to a range of man-induced impacts and 
have often been focal areas for human settlement and resource use. The general 
perception of estuarine scientists is that the condition of many estuaries has 
deteriorated significantly over the past 15 years. The three most important 
factors contributing to the deterioration are: reduction in freshwater inflow, 
coastal development and over-exploitation of living resources such as fish and 
bait organisms [4]. Coastal development in the last decade has also led to 
eutrophication (nutrient enrichment) and sand winning being major threats 
to South African estuaries.
South Africa is a semi-arid country and as a result there is a growing demand 
for freshwater. This has resulted in the damming of rivers and the use of 
water for irrigation and industry (Figures 4.1 and 4.2). Invasive alien trees, 
which use large amounts of water, are also responsible for reducing river 
flows in South Africa. Water abstraction reduces the amount of freshwater 
that reaches estuaries, which in turn affects nutrient levels, organic matter 
content, salinity (saltiness) and turbidity (murkiness) in affected estuaries. 
Numerous studies in South Africa and elsewhere have shown that reductions 
in freshwater flow have a negative impact on fish and invertebrate species 
utilising estuaries. Studies comparing freshwater deprived estuaries with 
naturally functioning estuaries have shown that the freshwater deprived 
estuaries often have fewer individuals and species of fish. Reductions in river 
flow have a negative impact on all estuary types. In South Africa over 70% of 
the estuaries only open to the sea periodically and are cut off from the sea for 
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varying periods by sandbars that form at their mouths. Reduced river inflow 
into these estuaries leads to prolonged closure and shorter open phases which 
inhibits the passage of fish between estuaries and the sea leading to a reduction 
in species richness. If upstream water abstraction continues unchecked it will 
result in a decrease in species richness, to the detriment of important fishery 
species that are already overexploited.
Besides the effects of water abstraction in catchments estuaries also face direct 
pressures on the estuarine environment [5]. Coastal development, mainly in 
the form of residential and recreational development (urban encroachment), 
often focuses on estuaries [6]. Recreational development is known to have a 
major impact on birds and fish in estuaries [5]. Furthermore, development 
brings with it associated infrastructure, such as marinas, jetties, roads and 
railways [5, 6]. Development in and around estuaries also has a significant 
impact on coastal wetlands, such as mangroves and saltmarshes that are 
found in estuaries. Mangroves are amongst the most threatened ecosystems 
in the world with more than half their original area already lost  [7]. In 
KwaZulu-Natal mangroves have been removed from the Sipingo, Mgeni and 
Mkomazi estuaries and in Durban Bay approximately 200 ha of mangroves 
have been destroyed. Mangroves have been replaced by industrial, residential, 
agricultural and harbour development [8]. Poor urban planning has also led 
to the need to artificially breach many estuary mouths to lower water levels 
and prevent the flooding of houses [5]. Artificial breaching of an estuary 
mouth when the water is below the level at which breaching occurs naturally 
reduces the amount of scouring (sand flushed out of the estuary when it 
opens) and results in an accumulation of sediments in the estuary mouth in 
the long-term. The effect of artificial breaching on plants and animals can 
also be severe.
Pollution pressure on estuaries is also increasing, particularly in KwaZulu-
Natal. The greatest pollution pressure occurs as a result of industrial effluents, 
pesticides from agriculture and sewage (Figure  4.3). The most degraded 
estuaries are found north and south of Durban. Soil erosion is also a major 
threat to estuaries, particularly estuaries in KwaZulu-Natal and those in the 
former Ciskei and Transkei regions of the Eastern Cape [5]. Soil erosion results 
from overgrazing, poor farming techniques, the destruction of wetlands in 
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catchments and the removal of river and streambank vegetation [5]. Increased 
sediment loads flowing into estuaries results in changes in the community of 
animals living in the sediment (such as crabs and worms) and cause estuaries 
to become shallower, which in turn affects the temperature and turbidity 
of the water column. Shallow water also favours the encroachment of reeds 
which will further reduce the surface area of the estuary [5].
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The utilisation of estuarine fish resources plays a major role in the local economy 
and food supply in many parts of South Africa. However, many species in 
estuaries are vulnerable to over-exploitation. These include many species of 
fish that are already over-exploited and bait organisms (Figure 4.4).
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Climate change is also predicted to have a large impact on estuaries. The way in 
which individual estuaries (and the biological community) respond to climate 
change depends on other impacts already affecting that estuary. Of all climate 
induced changes, sea-level rise is seen as the greatest threat to mangrove and 
salt marsh ecosystems in estuaries [9, 10]. Several climate models project an 
accelerated rate of sea-level rise over the coming decades (for example, [11]) 
and as coastal wetlands are situated in the transition between the land and sea 
they are particularly vulnerable to sea-level rise. Global surface temperatures 
have increased by 0,74 ºC between 1906 and 2005 [11]. The most obvious 
changes associated with increased sea surface temperatures around South 
Africa will be shifts in the distribution and abundance of individual species 
or species assemblages. Because the distribution of species is often determined 
by their tolerance to climatic extremes, ecologists predict that species will 
respond to climate change by shifting their distribution towards the poles. 
However, temperature is only one of many interacting climatic variables that 
may drive ecological change in marine systems [12]. Although distribution 
shifts are expected in South African waters, they have not been modelled 
as yet. This is because anticipated shifts are closely associated with ocean 
currents and changes in the movements of currents have not been accurately 
predicted [3].
General atmospheric circulation models, although less conclusive than 
predictions of air temperature in South Africa, indicate the likelihood of 
a decrease in rainfall along the west coast of South Africa, and to a lesser 
extent along the south coast and a slight increase in rainfall along the east 
coast [3]. Rainfall events are also predicted to get more intense. Reductions 
in the amount of freshwater entering estuaries in South Africa would lead 
to an increase in the frequency and duration of estuary mouth closure with 
all the associated problems highlighted above. Reductions in the amount of 
freshwater entering estuaries will also affect the extent to which pollutants 
are diluted before they reach estuaries, thereby increasing the concentration 
of pollutants in estuaries.
Since pre-industrial times the atmospheric concentration of CO2 has risen 
by 35% (measured in 2005) [11]. Elevated atmospheric CO2 concentrations 
may increase productivity of some estuarine plant species but the effect of 
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enhanced CO2 on estuarine plants is poorly understood [10]. The frequency 
of extreme high water events and high intensity storms is predicted to increase 
over coming decades (with these events already recorded in 2007 and 2008). 
These events cause habitat destruction, although the extent to which estuaries 
are affected is dependent on human alterations to these estuaries (Figures 4.5 
and 4.6).
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Managing estuaries

In the short time frame of a few decades the negative consequences of 
climate change can be avoided or minimised through the management of 
current stressors of estuaries. Estuary management is concerned with the 
maintenance of the physical and biological processes that make estuaries the 
unique and important environments that they are. For example, protecting 
estuaries from excessive freshwater abstraction may provide some protection 
against decreased rainfall. The National Water Act (No. 36 of 1998) requires 
a certain minimum amount of water be left in the estuary for ecological 
purposes. Management classes must also be determined for each estuary. 
This management class is based on the present condition of the system 
and provides the baseline for comparisons within and between estuaries 
[4]. Estuaries also often face threats that originate outside the estuary and 
management should incorporate wider management strategies including the 
whole catchment and coastal zone [13].
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Estuarine fish communities  
in hot water?
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Increasing sea temperatures may have a range of implications for coastal fish 
species. The most obvious will be shifts in the distribution and abundance of 
individual species or species assemblages. The fishes of the warm-temperate East 
Kleinemonde Estuary have been sampled since 1995. Indicative of a warming 
trend, six new species of tropical fishes were recorded in the catches from 1999 
onwards. Mean annual sea surface temperatures recorded along the adjacent 
coast have also increased and may have facilitated the southward extension of 
tropical marine fishes into the warm-temperate biogeographic zone. Similarly, 
the diversity and dominance of tropical species in the Mngazana Estuary have 
increased when compared with a similar study conducted 25 years earlier.

Introduction

Our rivers, estuaries and the sea are heating up. Over the past forty years sea 
surface temperatures off Port Elizabeth have increased by about 0,25 ºC per 
decade [1]. Although this change may seem insignificant, fish are a lot more 
sensitive to temperatures than are terrestrial animals. This is because fish 
cannot maintain a constant body temperature and in most cases their body 
temperature is the same as the water around them. All species of fish have an 
optimal temperature range and cannot survive in temperatures too far out 
of this range [2]. Therefore, the most likely changes associated with global 
warming will be shifts in the distributional ranges of species and changes in 
the composition of species assemblages [3].

Characteristics of South African estuaries

Estuaries are shallow and strongly influenced by wind, wave action, 
rainfall, water and air temperatures; consequently, climate change may 
have an even greater impact on these systems than the surrounding land 
and sea. The estuaries along the coast of South Africa, and their associated 
fish communities, can be grouped according to biological, physical and 
geographical criteria [4] with the coast of South Africa having three distinct 
biogeographic zones: a subtropical zone, a warm-temperate zone and a cool-
temperate zone (Figure 4.7). Few fish species occur in all southern African 
estuaries and many fish species only occur within specific biogeographic 
zones. Harrison  [5] recorded differences in estuarine fish communities 
around the South African coastline, with a gradual decrease in the number 
of species recorded in estuaries form east to west, mainly as a result of the 
decreasing number of tropical marine species recorded. Cool- and warm-
temperate estuaries are mainly dominated by species that only occur in 
southern Africa and not by tropical species.
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The East Kleinemonde estuary

As part of an ongoing long-term study, the changing fish assemblages in the 
East Kleinemonde Estuary (Figure 4.7) have been studied since December 
1995. This small (3 km in length) temporarily open/closed estuary situated 
on the warm-temperate southeast coast of South Africa is closed off from 
the sea for most of the year by a sandbar that forms across the mouth and 
usually only opens after river flooding in the catchment. A total of 38 species 
of fish were recorded in the East Kleinemonde Estuary between December 
1995 and July 2006 [6]. During the earlier years only temperate species were 
recorded. However, indicative of warming waters, six new tropical species, 
namely, longarm mullet, robust mullet, diamond mullet, largescale mullet, 
tank goby and thornfish, have been recorded in the catches from 1999 
(Figure 4.8).
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The four tropical mullet species (longarm mullet, robust mullet, diamond 
mullet and largescale mullet) and thornfish normally occur in the tropical 
and subtropical estuaries of southern and eastern Africa (common in the 
subtropical estuaries along the KwaZulu-Natal coast), with the occasional 
straggler being recorded in some warm-temperate estuaries [8]. The tank goby 
is a tropical and subtropical species that has only previously been recorded 
as far south as the Mngazana Estuary on the east coast (Figure 4.7). Of the 
six species, longarm mullet and largescale mullet were recorded almost every 
year after 2002 and were found in both the summer and winter samples. This 
means that they were not just stragglers straying into the estuary with the 
warm current but rather that water temperatures were continually within the 
tolerance range of these species. Due to the increased occurrence of tropical 
species, the total number of species recorded in the East Kleinemonde estuary 
between 1996 and 2006 has increased steadily (Figure 4.9) [6].

Changes in fish species distributions in Eastern Cape estuaries

Mean annual sea surface temperatures recorded along the adjacent coast at 
Port Alfred (15 km south of the estuary) have increased at a rate of 0,09 ºC 
per year over the past decade and may have facilitated the southward 
extension of tropical marine fishes into warm-temperate Eastern Cape 
estuaries (Figure 4.9). There has also been a general positive trend in South 
African air temperatures for the period 1960 to 2003 [9] and East London, 
which is situated approximately 100 km north east of the estuary, has shown 
a significantly positive trend in annual average and annual average maximum 
and minimum air temperatures [9]. Increasing air temperatures may have a 
greater impact on temporarily open/closed estuaries than on permanently 
open estuaries, as these shallow systems are cut off from the effect of sea 
temperatures for long periods and therefore respond to a greater degree to 
prevailing land, air and river water temperatures [6].
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The effects of climate change on fish distributions have also been recorded 
further north in the Mngazana Estuary (Figure 4.7). In two similar studies of 
the fish community of the Mngazana Estuary separated by 25 years [10, 11] 
the proportion of tropical species recorded in catches in winter increased 
from 60% in 1975 to 74% in 2001 (Figure 4.10). In contrast, the percentage 
of temperate species recorded in catches decreased from 28% in 1975 to 
24% in 2001. Previously tropical species extended their ranges southwards 
into this estuary during summer as the temperatures warmed up, while 
temperate species extended their ranges northwards into the estuary during 
winter as temperatures cooled down and became favorable for them [10]. 
The increase in the overall percentage of tropical species recorded during 
winter, from 1975 to 2001, may be an effect of global warming. Higher 
average winter temperatures would allow more tropical species to use the 
estuary during winter, while limiting the northward penetration of certain 
temperate species [11].
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Conclusion

Both the Kleinemonde and Mngazana studies have highlighted the increased 
occurrence of tropical fish species in estuaries along the east coast of South 
Africa. Although changes in the abundance of fish species have not been 
reported in these two estuaries, climate change may eventually result in 
marked changes in the composition of coastal fish communities. It is 
important to keep in mind that each species responds differently to warming, 
and communities do not shift their distribution as a unit. Climate warming 
is therefore likely to create new mixes of foundation species, predators, prey 
and competitors, which makes it very difficult to predict how communities 
will respond to climate change [12].
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FRESHWATER AND ESTUARINE SYSTEMS  

Changing patterns of  
freshwater fish diversity  

in South Africa
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The distributions of South African freshwater fishes have changed substantially 
over the last 100 years. We can estimate past distribution ranges using historical 
records from museums. The most significant changes to the environment of 
freshwater fishes in South Africa are caused by man-made structures including 
large dams and inter-basin transfer schemes, the abstraction of large volumes 
of water from rivers, the degradation of water quality through pollution and 
the introduction of, and invasion by, alien competitors and predators. The 
conservation statuses of rivers reflect these changes. The impacts of these changes 
on fish distributions are illustrated by focusing on selected indigenous freshwater 
fish species. The distributions of many species have contracted while some have 
expanded. Introduced aliens are important drivers of change in indigenous 
freshwater fish distribution patterns.

Introduction

Freshwater ecosystems in South Africa have changed substantially in the last 
few decades  [1]. These changes are especially evident in the construction 
of major and lesser impoundments, the increased abstraction of water for 
agriculture, urban growth, industry and mining, downstream pollution and 
the rampant invasion of alien vegetation.
While it is not surprising that fish distribution patterns have changed, the 
nature and extent of these changes need to be documented. We present a 
perspective from long-term records of freshwater fishes in museum collections 
and the literature. In doing so we direct the focus to the irreplaceable value 

such collections have for science and human well-being in a changing and 
challenging world.

Natural distribution patterns

We can estimate the natural distribution ranges of most indigenous freshwater 
fish species by referring to the collection records available in museums. The 
Atlas of Southern African Freshwater Fishes produced by Scott et  al.  [2] 
provides maps based on such records drawn from the major collections, 
worldwide, of southern African freshwater fishes.
An effective summary of the emergent patterns was presented by Skelton [3] 
and more recently by Tweddle et al. [4]. Two broad ecological faunas occur 
in South Africa: a tropical-subtropical fauna with southern limits described 
by the Orange River system in the west and the attenuated coastal plain to 
around the Umtamvuna basin on the east coast, and a temperate fauna with 
its northern limits determined by the boundaries of the interior highveld 
plateau and the escarpment from KwaZulu-Natal through Mpumalanga and 
Limpopo Province. Within this framework, fish distribution patterns are 
generally described by a set of more restricted aquatic ecoregions in southern 
Africa as illustrated by Skelton [5] and Thieme et al. [6] (Figure 4.11).
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Topography and climate are important determinants of species distribution 
ranges. The configuration and evolution of drainage basins, in particular, have 
determined the distribution ranges of South African freshwater fishes. Thus, 
a species may be restricted to a single catchment or a few catchments, but 
depending on the size of the drainage system, may be considered widespread 
or narrowly distributed. Most fishes endemic or indigenous to the large 
Orange River system, for example, are considered widespread species  [7]. 
High topographical diversity tends to create smaller, more fragmented 
drainages with more numerous natural barriers separating populations and 
species. Hotspots of fish diversity therefore occur in the Cape Fold Mountains 
and along the escarpment drainages, especially in Mpumalanga Province [4] 
(Figure 4.11).
Mountain catchments are mostly removed from human interference and 
frequently provide refugia. However, the advantage of isolation can be easily 
off-set when alien predator species are introduced directly and extensively for 
recreational fishing purposes in remote mountain streams. This is evident, 
for example, in the Drakensberg-Maloti highlands and the streams of the 
Olifants River system in Western Cape Province.

Contracting ranges

Current evidence indicates that the distribution ranges of most South African 
freshwater fishes are contracting. Examples are evident from both widespread 
species (for example, the southern barred minnow, Opsaridium peringueyi) 
(Figure  4.12) [4,  8] and more restricted species (for example, the Maloti 
minnow, Pseudobarbus quathlambae) (Figure 4.13) [9].
In certain severe cases of range contraction, action has been taken to conserve 
a species by translocating populations to new areas. An example of this is the 
Maloti minnow, which was probably widespread across the tributaries of the 
Orange River in Lesotho, but now only survives in a few protected stream 
stretches, including at least three sanctuary streams above natural barriers 
where aliens are absent [10]. Genetic research has, however, shown that there 
are actually two Pseudobarbus species in Lesotho, which means that each 
species is considerably more restricted and threatened than is the undivided 
taxon [11].
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The now severely fragmented distributions of every indigenous species in 
the Clanwilliam Olifants River system (for example, [4,  12]) reflects the 
declining status of indigenous fish populations in almost every drainage 
system across the Cape Fold Mountains, mostly due to water abstraction 
and alien predators. Marr et  al.  [13] illustrated the severely contracted 
distribution and population numbers of the Twee River redfin (Barbus 
erubescens) (Figure 4.14) and an undescribed Galaxias species in the Twee 
River catchment of the Olifants River system in the Cederberg mountains.
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Expanding ranges

In contrast to the general trend of contracting distribution ranges, a 
minority of indigenous species have recently dramatically expanded their 
ranges in South Africa through human introduction and interbasin transfer 

systems. These include the Mozambique tilapia (Oreochromis mossambicus) 
(Figure 4.15a), the banded tilapia (Tilapia sparrmanii) (Figure 4.15b) and 
the Vaal-Orange smallmouth yellowfish (Labeobarbus aeneus) (Figure 4.15c) 
[5, 14-16]. Other examples include the sharptooth catfish (Clarias gariepinus), 
now widely distributed in the coastal rivers of the Eastern Cape and the 
Western Cape [17], and two species, the Cape kurper (Sandelia capensis) and 
the Clanwilliam yellowfish (Labeobarbus capensis), introduced into the Twee 
River catchment [12, 13, 18, 19].
In addition to the indigenous species that have recently expanded their 
distribution ranges, a number of alien invasive species have become well 
established [14,  15]. The introduction of alien species has occurred with 
varied degrees of human intervention and over different time scales. In 
some cases (for example, trout and bass) (Figure 4.15d and e) the history of 
introduction and subsequent establishment of the species is well documented 
and understood, but in others, for example, carp (Figure 4.15f ) and various 
cichlid species, the histories of introduction are less well documented. In 
general it seems that invasion proceeds rapidly to its potential range, especially 
when the invaded system is environmentally compromised.
These invasions have fundamentally and irreversibly changed practically 
all South African freshwater fish communities. Natural freshwater fish 
communities are now scarce and usually restricted to short, isolated river 
reaches in remote mountain catchment areas. 

Conclusions

Freshwater ecosystems are among the most threatened environments on 
the planet [20]. The changing distribution patterns of freshwater fishes are 
visible responses to the widespread and rapid deterioration of freshwater 
ecosystems. Most indigenous species are experiencing range contraction, and 
alien and translocated indigenous species are expanding their ranges. Both 
these outcomes are negative consequences from a conservation perspective. 
We are realising that our understanding of aquatic biodiversity is far from 
adequate at the organism, species and community levels, and this affects sound 
conservation judgements. There is thus a growing demand for more accurate 
and precise biodiversity information that originates from well-managed and 
documented natural history collections.



���������#��F��#��(���Q����B��(;����(F��?������*F��Q����F���#����B�F(����K���?� 193

��!

��!

��!

�	!

��!

��!

*�"����7$-�� ��������"�������	�������"����������"������'����������$���!�Oreochromis 
mossambicus.��	!�Tilapia sparrmanii$���!�Labeobarbus aeneus ����
������������
����'����$���!�F���	�������	����������$���!�=��"������%�
���

�������������&���	���$���!�;���$�8���������������������
�������	����
���"�������������������������������"�$

FRESHWATER AND ESTUARINE SYSTEMS  

The impacts of afforestation on 
surface water resources

#`�^X�=V�?`^j\V 
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South Africa is a dry country and has limited supplies of water with which to 
meet the demand for human, agricultural and industrial use. Research has clearly 
shown that plantations use about 50% more water than the natural vegetation 
they replace, or about 3,2% of mean annual run-off. On the other hand, South 
Africa needs the wood, paper and other products produced by the industry. Special 
legal provisions are in place to ensure that plantations do not take more than 
their fair share of the available water whilst continuing to meet the needs for 
their products.

Why have plantations?

South Africa is a dry country with an average annual rainfall of less than 
500 mm (about half the world’s average) and is facing growing water shortages 
as demand increases. Commercial plantations using introduced tree species 
are known to use large quantities of water, yet the country still seeks additional 
land for afforestation. The reasons for this are better understood if we go back 
into history and also explore how forest products currently meet a wide range 
of needs and generate income for the country. About 0,7% of South Africa 
naturally supports indigenous forest, so there has always been a shortage of 
wood for construction, mining, paper and various other products. By the 
late 1800s, the forestry department recognised that the need for wood could 
only be met either by importing wood or by establishing forest plantations 
using pines, eucalypts and wattles [1]. The first plantations were established 
in 1884 at Tokai near Cape Town, but expansion was initially slow. Timber 
shortages during World War I and again during World War II launched a 
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drive to achieve self-sufficiency in wood products. This led to a dramatic 
expansion in the area of plantations and by 1955 about 560 000 ha had 
been afforested by both the state and private sector [2]. The expansion of the 
wattle growing industry was driven largely by the vibrant market for tannins 
extracted from the bark. By 1955, wattles comprised about half the total area 
and were planted mainly in KwaZulu-Natal and the Eastern and Western 
Cape Provinces [2].
In 2007, the total plantation area was about 1,34 million hectares, with about 
53% being pine, 38% eucalypt and 8% wattle (Figure 4.16) [3]. About 45% 
of the plantations are in Mpumalanga and Limpopo, 39% in KwaZulu-
Natal with the rest in the Western and Eastern Cape (Figure 4.17). About 
35% is planted for solid wood production and 55% for paper and fibre 
products. These products meet most or all of the country’s needs for solid 
wood and processed wood products. Timber sales from plantations generated 
R5,2 billion, sales of timber products generated R18,5 billion, and exports 
were R12,2 billion [3]. In 2007, the industry provided about 77 000 jobs 
and indirectly supported an estimated 462 000 jobs. Given typical employee 
to dependent ratios, this means that the timber industry supports about 
1,7 million people, a large proportion of who live in rural areas.

What are the impacts of plantations on water resources?

Plantations replace relatively short natural vegetation (for example, 
grasslands and fynbos shrublands) with deep-rooted, tall trees. In the case 
of grasslands they also replace seasonally dormant with evergreen vegetation. 
Productive commercial plantations need at least 800  mm of rain so they 
are located mainly in the high rainfall and high water yielding catchment 
areas, particularly along the escarpment areas of the Eastern Cape, KwaZulu-
Natal and Mpumalanga (Figures 4.17 and 4.18). The overall water-use of the 
plantation areas in South Africa was estimated to be 1 417 Mm3, which is 
about 3,2% of the mean annual run-off and approximately 101 Mm3 (7,8%) 
of the dry season flows [6].
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Plantation forests are generally responsible for an annual streamflow 
reduction of between 50 and 150  mm depending on climate and the 
vegetation replaced, with an average of 70  mm. This is the equivalent of 
700  m3 of water per hectare per year. By comparison, irrigation rates are 
usually between 5 000 m3 and 10 000 m3/ha/year. In individual catchments 
plantations can dry up streams completely, and the drier catchments lose 
the highest proportions of their flow. On the other hand, the more humid 
catchments (those in the more productive mountain catchment areas) suffer 
the largest absolute reductions in flow. The effects on streamflow may be 
measurable within three years of planting, depending on how quickly the 
trees dominate the site, and the reductions in streamflow tend to follow the 
growth rate of the plantation. This leads to earlier and larger flow reductions 
under eucalypt trees than under pines of the same age [7]. In cases where the 
entire catchment has been planted it has taken several years for the run-off 
to recover to the pre-planting conditions after clearfelling [8]. Impacts on 
water quality are low, provided roads and intensive activities like felling are 
managed properly. Many of the plantation species are aggressive invaders (for 
example, Black wattle [Acacia mearnsii] and pines [Pinus species]) and have 
invaded large areas of natural vegetation [9]. The impacts of dense invasions 
on streamflows are comparable with those from plantations [9]. The Working 
for Water Programme is tackling these invasions but it will take decades to 
clear invasions by these and other species.

Are there other impacts?

A little known consequence of afforestation is the effect upon the soils. 
After many years of plantation cover a substantial litter layer can build 
up. The decomposition of this crude material, which is high in tannins 
and polyphenols, can lead to a drop in pH of the soils. This higher acidity 
can make low fertility soils even poorer. Another risk to the soil is that of 
wildfire. When a severe wildfire burns off the ground material and heats the 
soils under dry conditions, the soils beneath plantations may become water 
repellent. While this condition is reversed within a few years, the burned site 
is vulnerable to accelerated soil erosion in the interim [10].
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How did the government and industry respond to clear 
evidence that plantations use more water than the 
vegetation they replace?

In the 1930s there was heated debate about whether tree planting resulted in 
more water in rivers or not, but growing complaints about forest plantations 
drying up streams and rivers forced the government to act [11]. A research 
programme was launched to investigate this problem and the first studies were 
initiated in Jonkershoek in the Western Cape in 1934 (Figure 4.20) [12]. This 
study was later complemented by the establishment of others at Cathedral 
Peak in the KwaZulu-Natal Drakensberg, in Mpumalanga, and in Limpopo 
Province. This research showed clearly that plantations reduce annual and 
dry season river flows compared with the natural vegetation. The government 
responded in two ways: firstly, by introducing laws and control systems that 
address the site level impacts, and most recently by assessing the national 
landscape to identify areas suitable for tree growing where this would have 
the least environmental impact and provide greatest economic and social 
benefits.
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Regulation of forestry development began in 1972 with the introduction of a 
permit system to manage the establishment of new plantation areas [13, 14]. 
When this system was introduced, certain catchments were immediately 
excluded from further plantation expansion because the pre-determined flow 
reduction limit had been reached. In others, up to 10% more afforestation 
could be allowed, and in the remainder no limits were set. A flow reduction 
calculation system was introduced in the early 1990s, allowing forestry 
officials to assess more accurately whether there was sufficient water available 
to allow new plantations to be established. In 2002, this was replaced by a set 
of tables and computation spreadsheet providing total and low flow impact 
estimates for all quaternary catchments in the country [15].
The National Water Act introduced the concept of ‘Stream Flow Reduction 
Activities’ (SFRA), allowing for the regulation of any non-irrigated land use 
which results in a significant river flow reduction [16]. Forestry is currently the 
only declared SFRA. New plantations now require a water use licence and the 
licensing procedure requires an assessment of the impacts on water resources, 
agriculture and the environment. The industry has also introduced guidelines 
for planting, with environmental certification requiring plantation owners to 
maintain unplanted buffers of 50-100 m along streams and around wetlands, 
thus reducing plantation impacts on river flows and water quality [17]. They 
also require the companies to remove invading plant species. These standards 
generally ensure that plantations have a lower environmental impact than 
agriculture, particularly when compared with irrigated farming.
Recently, the Department of Water Affairs and Forestry has used Strategic 
Environmental Assessments (SEAs) to identifying new areas for plantations. 
This includes an assessment of the growing conditions for trees, environmental 
considerations such as the impact of vegetation transformation on biodiversity, 
water availability, socio-economic impacts, and a consideration of alternative 
land uses such as agriculture [18]. SEAs with a focus on forestry and water 
have been completed in the Mhlathuze Catchment, the Usutu-Mhlathuze 
Water Management Area and in the Eastern Cape centred on the Mzimvubu 
catchment [19, 20]. The real benefit of these studies has been in developing 
approaches to the use and value of water and how the benefits could affect 
society, the environment and the economy. The Department of Water Affairs 
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and Forestry is currently undertaking a series of studies to assess the potential 
for additional afforestation in all provinces in the country. Although these 
studies are not SEAs, they are being addressed from environmental, social 
and economic perspectives.

What about the future?

Climate change has significant implications for the industry, particularly in 
the Western Cape where a reduction in rainfall is expected, aggravated by 
an increase in air temperature and, thus, evaporation. In the eastern parts 
of the country the increases in rainfall and temperature are likely to balance 
each other, although rainfall is expected to be even more variable [21]. The 
impacts of changes in CO2 concentrations are less certain because they are 
controlled by a variety of factors, but they could reduce plantation water-use. 
Most of the long-term catchment scale studies of the hydrological impacts of 
plantations have been terminated. This is very unfortunate given that these 
studies are needed to provide information on the impacts of climate change 
that can also be used to develop the models to estimate the hydrological 
impacts and make properly informed decisions about the future of forestry 
in this country. These studies also can provide baseline information on how 
the water use of natural vegetation is changing and its implications for water 
resource availability in the future.
There is no doubt that commercial plantation forestry in South Africa has 
an impact on water resources but this should be seen in the context of the 
substantial socio-economic benefits of commercial forestry. A Forestry 
Industry study estimates that South Africa needs a further 786 000 ha of 
plantations if it is to meet demand over the next 30 years [22]. However, 
it is generally recognised that this cannot be achieved given the water 
resource situation and the intense competition for both water and available 
land, making 200 000 ha a reasonable target. The SEA in the Eastern Cape 
found that at least 100 000 ha of additional afforestation would provide a 
beneficial land use mix in that province. Assessments so far undertaken in 
KwaZulu-Natal suggest another 40 000 ha, but there is no further expansion 
opportunity in either Limpopo or Mpumalanga unless water is traded directly 
out of agriculture to allow for forestry [23, 24].

FRESHWATER AND ESTUARINE SYSTEMS  

The South African River  
Health Programme
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In 1994, the then Department of Water Affairs and Forestry (DWAF), now 
Department of Water Affairs (DWA), initiated the National Aquatic Ecosystem 
Health Monitoring Programme in co-operation with the Department of 
Environmental Affairs and the Water Research Commission. The programme was 
a response to the need for better information for managing the ecological state 
of aquatic ecosystems. DWA, the national custodian of the country’s freshwater 
resources, was the lead agent for the programme. The primary focus of the 
programme is to collect river health data and make it available, especially in the 
form of reports on the ecological state of inland aquatic ecosystems and trends. 
The programme initially focused on rivers and commonly became known as the 
River Health Programme (RHP). Design and implementation of the programme 
followed a phased approach of design, development and implementation. The RHP 
uses several driver and response methods to assess resource ecological integrity, and 
most of the methods are still being refined. A formal implementation procedure 
is in place, covering issues such as information storage, reporting and programme 
co-ordination. The programme has become so successful that it is now operational 
in many parts of South Africa, with other Southern African Development 
Community member states adopting the same approach. 

Introduction

The then Department of Water Affairs and Forestry (DWAF), now 
Department of Water Affairs (DWA), initiated the National Aquatic 
Ecosystem Health Monitoring Programme (NAEHMP) in 1994 in response 
to the need for information regarding the ecological state of aquatic 
ecosystems. The programme was previously known as the National Aquatic 
Ecosystem Bio-monitoring Programme (NAEBP). The ecological state is 
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based on the biological condition of these resources. The primary focus of the 
programme is the state of health of aquatic ecosystems, which include rivers, 
wetlands, estuaries and aquifer dependent ecosystems [1]. The programme 
initially focused on rivers in a sub-programme known as the River Health 
Programme (RHP) hence became commonly known as the RHP. The RHP is 
a component of the NAEHMP with specific focus on river health assessments 
and reporting on the state of rivers. The programme is administered by DWA 
under the Chief Directorate: Water Resource Information Management 
(CD:  WRIM), Directorate: Resource Quality Services (D:  RQS). DWA, 
because of its leading role in the RHP, has some unique governance elements 
that are critical to the success of the programme. These relate to political 
endorsement and accountability, technical leadership and communication, 
and capacity and skills. The programme was designed before the National 
Water Act (No. 36 of 1998) was enacted and it was initiated jointly by DWA, 
the Department of Environmental Affairs and Tourism (DEAT) and the 
Water Research Commission (WRC). The programme was initiated to serve 
as a source of information regarding the ecological state of river ecosystems in 
South Africa, in order to support the national water resource management.
A phased approach was followed for the development of the RHP. In the 
first few years the emphasis was mainly on research and development of 
basic monitoring protocols. After that, the programme was pilot tested and 
became operational in most of the provinces.
There are 639  RHP monitoring national sites strategically selected across 
the country specifically to assess and report on the national ecological health 
status and trends regarding the aquatic ecosystem health. Both national RHP 
and regional/provincial RHP complement each other by sharing information 
collected for the management of the resource and capacity building.

Goals and objectives

The goal of the RHP is to assess and report on the national ecological health 
status and trends regarding aquatic ecosystems. The information generated is 
provided to regional water resource managers for management intervention 
as per recommendations.

The objectives of the RHP are to:
 � measure, assess and report on the ecological state of aquatic ecosystems;
 � detect and report on spatial and temporal trends in the ecological state of 

aquatic ecosystems;
 � identify and report on emerging problems regarding aquatic ecosystems; 

and
 � ensure that all reports provide scientifically and managerially relevant 

information for national aquatic ecosystem management.
The national RHP was not designed to identify the cause of pollution, nor 
whether the water is fit for drinking purposes or not. Compliance regional 
water quality programmes are responsible for establishing the cause of 
pollution and law enforcement through licensing. Regional/provincial 
RHP has more monitoring sites and detailed data collection, compared to 
national programmes, to deal with localised problems, such as discharges 
from industries and mines, and other sources of pollution.

Programme progress

The National Water Act (No.  36 of 1998) came into effect four years 
after the initiation of the RHP. The Act acknowledges the importance of 
protecting aquatic ecosystems in maintaining the full suite of goods and 
services that people rely on for their livelihoods, and requires that a national 
aquatic ecosystem health monitoring system be established. The RHP was 
reviewed through the National Coverage Phase in order to align it with the 
requirements of Chapter 14 of the Act. From initiation until all NAEHMP 
inception phase products were approved in January 2009, implementation of 
the RHP has largely been through goodwill by Provincial Task Teams (PTT). 
These teams consisted of amongst others, DWA Regional Offices, provincial 
departments of the environment, conservation agencies, universities, 
consultants and municipalities. While the design, development, and 
standardisation (concepts, methods, processes) of the RHP is co-ordinated at 
a national level, implementation activities largely take place at the provincial 
level. This model of implementation has to date relied strongly on voluntary 
participation, informal arrangements and a fair amount of flexibility that 
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caters for the diversity of resource realities (both human and financial) across 
the country. This made the RHP very vulnerable and can affect its long-term 
sustainability. It was for this reason that DWAF moved into the National 
Coverage Phase project. The main purpose of this phase was to formalise the 
RHP, to establish the RHP as a national programme and to align the design 
of the RHP with the requirements of the National Water Act.
The main components of this phase included:
 � reviewing and revising the current design of the programme to ensure 

that it is aligned with DWA’s Strategic Framework for National Water 
Resource Quality Monitoring Programmes and the National Water Act 
(No. 36 of 1998);

 � determining the programme’s operational requirements;
 � refining the Rivers Database;
 � further developing and establishing of quality assurance procedures;
 � revising the Bio-monitoring short course; and
 � conducting ongoing research and development (R&D), for example, the 

development of a wetlands and estuarine habitat integrity index, ground 
water dependent systems, fish reference conditions, vegetation response 
assessment index and eco-status reporting format.

A number of smaller projects, co-funded by the WRC, are implemented 
and aim to develop a wetlands health index and to further develop, refine 
and test biological and secondary indices that can form part of the suite of 
RHP indices.

Responses and drivers measured

A multitude of factors determine the health of a river ecosystem: its 
geomorphological characteristics, hydrological and hydraulic regimes, 
chemical and physical water quality, and the nature of in-stream and riparian 
habitats. It is impractical to monitor each of these factors in detail, therefore 
the RHP focuses on selected ecological indicators that are representative 
of the larger ecosystem and are practical to measure. Since resident aquatic 
communities reflect the effects of chemical and physical impacts in a 

time-integrated manner, they are regarded as good indicators of overall 
ecological integrity. For the purpose of disseminating results of the RHP, 
the information resulting from monitoring aquatic community components 
should be simplified to a point where it can be of use to resource managers, 
conservationists and the general public. This can be done with a biological 
index that integrates and summarises biological data within a particular 
indicator group. The resident aquatic communities measured include fish 
communities, riparian vegetation, diatoms, aquatic invertebrate fauna and 
habitat integrity, also known as responses, to assess the condition or health 
of river systems and on Eco-Classification/Eco-Status processes. Appropriate 
indicators, for example selected fish community attributes, need to be tested 
and justified and linked to measuring units (metrics) that can be used to 
index ecological condition. In this context, biological indices are used to 
quantify the condition or health of aquatic ecosystems and the output format 
is usually numeric.
While biological indicators and indices are the main focus of the RHP, the 
development and inclusion of indices of physico-chemical, geomorphology 
and hydrology indicators − referred to as drivers − are also used to increase 
the information value of the programme and on Eco-Classification/Eco-
Status processes. 

Data management and storage

The refinement of the Rivers Database project, which was part of the National 
Coverage Phase, was completed and Version 3 of the database has gone live. 
This is an interactive web-based database which enables RHP practitioners 
to capture RHP data on their individual computers and to transfer these data 
to the national database. The database facilitates capturing and safe storage 
of the NAEHMP river health data. System access is controlled through 
compulsory user registration and new users need to register before being able 
to access either the Rivers Server (website) or Rivers Client (desktop). The 
Rivers Database consists of three primary components (Figure 4.21).
 � Rivers Server (web application running on the Internet which is the 

centralised repository of data at a national level);
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The RHP is an information-orientated programme generating large volumes 
of information to be analysed and interpreted for dissemination to a wide 
variety of information users. The efficient and effective storage of RHP 
information is therefore critical to the programme’s success.

Co-operative governance

The very nature of the NAEHMP: RHP requires the combination of a highly 
diverse and specialised cluster of skills which cuts across the mandates of a 
number of sectors and spheres of government [3]. It is therefore impossible 
for DWA to implement the programme in all its facets on its own.
However, the effectiveness of ongoing development and the sustainability 
of the RHP will be determined by the way that it is governed. In the RHP 
context, governance is the process whereby individuals and institutions, 
public and private, manage their common concerns.
The main concern is the implementation and maintenance of a monitoring 
programme with a design based on sound scientific principles and operationally 
feasible protocols as a means to inform sound river management. For this to 
be successful, every organisation involved in the RHP has to:
 � have a clear understanding of the programme’s purpose and objectives;
 � agree on their respective roles and responsibilities;
 � accommodate the programme within their internal business and strategic 

plans; and
 � work together in a collaborative and co-operative manner.

Reporting and information dissemination

Table  4.1 indicates colour codes, ecological categories and descriptions 
adopted for the data interpretation and reporting for the NAEHMP: RHP 
and Eco-Status of rivers.

 � Rivers Client (windows application running on a desktop, also allowing 
data uploading from local databases to the national database – the Rivers 
Server); and

 � Query Master (for extracting data − a local version running on the desktop 
and a server version running on the Internet). 
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A variety of other icons, http://www.dwa.gov.za/iwqs/rhp/state_of_rivers.html, 
are also used to express indices assessed and their status reflected by the 
colours in Table 4.1 above.
The programme interprets and disseminates information in a variety of ways 
for different target groups. A broad range of stakeholders use the information 
generated by the RHP, ranging from the scientific community to water 
resources managers and planners, politicians and the general public [3].

FRESHWATER AND ESTUARINE SYSTEMS  

A multi-temporal approach  
for identifying and mapping 

changes in wetlands  
using satellite imagery

#V�z}`W�=$�9^}}`f

Wetlands are under threat due to human pressures. This investigation therefore 
aimed at developing a methodology for the accurate and efficient delineation of 
wetland areas using satellite imagery and other relevant spatial datasets. Summer 
and winter LANDSAT ETM+ satellite imagery were processed using various 
image classification techniques. These included the supervised, unsupervised and 
level slicing classifications procedures. The accuracy of each technique was tested 
against an existing wetland dataset. A ground truthing exercise was also undertaken. 
The highest accuracy (71%) was obtained by a supervised classification of a 
summer LANDSAT scene. The lowest accuracy (39%) was recorded by a 20 class 
unsupervised classification of a winter scene. The classification inaccuracies were 
attributed to changes in land cover as there seemed to be an overall loss of wetland 
areas. This study concluded that LANDSAT ETM+ satellite imagery was useful 
for detecting wetland areas during summer by using a high number of classes. 
This technique is also suited for the detection of both large and small wetland 
areas. Recommendations include: the use of summer imagery in a high rainfall 
period; the unsuitability of using winter imagery due to the spectral confusions 
created; the use of high resolution satellite sensors (SPOT) for monitoring purposes 
and the use of lower resolution sensors (LANDSAT) for mapping; the increased 
use of topographical modelling for wetland detection; the use of an appropriate 
scaled land cover database; and the use of field verification exercises for comparing 
classifications.
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Introduction

There are a great variety of wetlands and they produce a remarkable showcase of 
natural resources. They also represent important ecological areas that support 
a wide range of vital processes, such as water resourcing and maintaining 
biodiversity. The wetlands also support different social activities within the 
areas in which they are found. It is essential to monitor and map these areas to 
ensure their continued existence. One of the most comprehensive definitions 
of wetlands was one adopted by the wetland scientists in the United States 
Fish and Wildlife Service who define wetlands as ‘land transitional between 
terrestrial and aquatic systems where the water table is usually at or near the 
surface or the land is covered by shallow water’ [1].
Wetlands cover approximately 6,4% of the global land area and account 
for 24% of total global productivity [2]. Despite their importance, wetland 
habitats are being continually degraded to a point that they are not able to 
support normal wetland functions [3, 4]. Various countries and international 
bodies have introduced public understanding initiatives and legal protection 
mechanisms to help combat the destruction of these natural resources. 
Individual countries have undertaken wetland inventory procedures in 
an attempt to optimally manage the wetland areas under their authority. 
South African environmental authorities have emphasised the importance 
of finalising a suitable methodology for mapping wetlands [5]. There is an 
urgent need to evaluate the use of satellite imagery to map wetland areas. 
With increasing developments in both the Geographical Information System 
(GIS) and the remote sensing environments, there is now enormous potential 
for combining advanced technologies to develop feasible ways of mapping 
wetland areas. This study presents an investigation that utilises multispectral 
satellite imagery within a GIS to map wetlands in the Midmar sub-catchment 
area in KwaZulu-Natal. 

The study area

The study area lies between 29°04’S 29°49’E and 29°32’S 30°25’E 
(Figure 4.22) and falls within the Lions River magisterial district. In terms 
of hydrology, the Mgeni River forms the main axis of the larger catchment 
along which four major water supply bodies are located. These include the 

Midmar, Albert Falls, Nagle and Inanda dams. The Midmar catchment is 
drained by the Mgeni River and both its tributaries, the Lions River and the 
Dargle Stream [6].
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Methodology 

This study concentrated on the use of remotely sensed data, namely, 
LANDSAT Enhanced Thematic Mapper Plus (ETM+). Two scenes were 
chosen to represent different seasons (Table 4.2). An evaluation of rainfall 
data was done from December 1999 to January 2000 from weather stations 
within the study area in order to achieve a maximum contrast of wet and dry 
conditions for the identification of wetlands [7].
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Figures 4.23 and 4.24 show both the summer and winter LANDSAT ETM+ 
images in false-colour composite, which were acquired for the research.
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Prior to image processing, all datasets were re-projected according to the 
satellite image projection, namely, Transverse Mercator (Spheriod), WGS84 
(Datum) with a central meridian of 31 degrees. A histogram peak-cluster 
analysis was performed. The CLUSTER procedure is fast and effective in 
uncovering the basic land cover structure of the image by determining the 
number of classes into which the image can be classified [8].
Three classification procedures were applied to both scenes. These included 
an unsupervised (using 20 and 255 class categories), supervised and a level 
slicing approach. An accuracy assessment was done using ArcView 3.2 [9]. 
Each visually interpreted classification was converted to binary images (zero 
and one). The zeros represented non-wetland areas and the ones represented 
wetland areas as per classified image.

Results and discussions 

Two unsupervised classifications using 20 and 255 classes were performed. 
The unsupervised 20  class classification of the summer image showed 
wetlands and water bodies that could be identified by their spectral response 
(blue), their proximity to perennial rivers and their identification on the 
topographical sheets (Figure 4.25). The winter image proved difficult to 
classify, as there seemed to be no distinct spectral signature for wetlands 
and water bodies, except large water bodies such as the Midmar Dam 
(Figure 4.26). An evaluation of the classification indicated that the smallest 
identifiable wetland was between 6-8 pixels, which represents a ground area 
of approximately 180 square metres.
This was also observed in the first field verification. The unsupervised 
classification (summer and winter images) using 20 classes produced low 
classification accuracies for both images. The overall summer classification 
accuracy (polygons with a wetland signature) was 55%. The winter image 
classification revealed an accuracy of 39%. The low accuracies were attributable 
to using a small number of broad classes (20 classes). The wetland data [10] 
identified wetland areas that were inconsistent with the classified image.
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The unsupervised 255 class classification showed wetlands in the study areas 
that were easily classifiable. The classification of the winter image proved 
problematic because of the spectral confusion between wetland areas, burnt 
areas, firebreaks and shadows of trees and slopes [4]. In terms of the accuracy 
assessment, a random sample was selected and checked against the verified 
data. The summer scene produced a relatively high accuracy level of 71% 
whilst the winter image produced an accuracy of 47%. A visual analysis of 
the classified summer and winter images indicated the following:
(a) The summer classified image showed both large and small open water 

areas and wetlands. Smaller open water areas were checked against the 
topographical maps in order to distinguish between farm dams, reservoirs, 
and wetland area.

(b) The winter classified image indicated spectral confusion between wetland 
areas or open water areas and shadows within forested areas, shadows of 
steep slopes, clouds and burnt areas.

The supervised classification was done by selecting sample areas within 
both the winter and summer images. In both the summer and winter 
images three large training sites were automatically chosen using the image 
processing software. The accuracy of each classified image was determined 
by superimposing the wetland data and thereafter selecting random samples. 
The supervised classification for both winter and summer images showed 

improved classification accuracy for the summer image. 65% of wetlands 
were correctly classified in the summer scene, but only 41% for the winter 
scene. Although the accuracy of the summer classification differed to that 
of the summer classification using 255 classes, the supervised classification 
showed both large and smaller wetland bodies with an accurate ‘fit’ when 
compared to the wetland data (Figure  4.28). The supervised classification 
also showed distinct wetlands around river tributaries.
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Using the 15 metre panchromatic bands of both the summer and winter 
LANDSAT scenes, a level slicing method was used to detect wetlands. The 
spatial resolution of the panchromatic bands was previously used in other 
studies to indicate wetland areas [4, 7]. Both panchromatic bands (winter 
and summer) were subjected to the same procedure of identifying large 
wetlands areas within each image and then masking the areas with other 
spectral characteristics using different colours. As can be seen in Figure 4.29, 
the summer image produced a relatively high level of accuracy (65%) in terms 
of locating open water bodies, wetland areas and wetlands within forestry 
plantations. The use of the wetland data to evaluate the results showed that 
the classified image (summer) produced a good estimation of both small and 
large wetland areas.
The difference in spatial resolution of the panchromatic bands made little 
difference to accuracy of recognising wetlands on the winter scene. The 
results showed similar spectral confusions (slope shadows, burnt areas and 
fire breaks) in the post-evaluation analysis. The winter classification produced 
an accuracy of 45%.

Field verification exercise

A field verification exercise was undertaken by visually verifying mapped 
wetland areas along selected main roads. The most accurate classification 
(summer-255  classes) was chosen for the field verification exercise as it 
showed both large and small wetlands classified from the satellite imagery 
but not present on the wetland data set. The verification exercise was effective 
and successful in identifying areas mapped as wetlands that were not included 
on the wetland dataset.
Figure  4.30 shows sites 21(a) to 26 in the field verification exercise. The 
following is evident:
(a) The classification (255 classes) identified both large and small wetland sites 

which were positively identified during the field verification exercise.
(b) Many wetland sites identified using satellite imagery differed in size and 

extent when compared to the wetland data that was originally collected 
using aerial photography.

(c) Many wetlands sites in the study area have been drained and so do not 
appear in the classified image.

(d) The larger wetland areas have either been drained or impacted by some sort 
of land use change that renders them smaller on the classified image.
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Conclusions and recommendations

This research investigation showed the relevance and applicability of 
using LANDSAT ETM+ imagery to map wetland areas. The study also 
demonstrated the applicability of using summer LANDSAT images to 
distinguish the visible and spectrally defining characteristics of wetlands. 
The different image processing techniques that were used to differentiate 
wetland areas indicate that a classification with a large number of classes is 
useful for identifying both large and smaller wetlands, although the process is 
more time consuming. The field verification exercise confirmed the viability 
and usefulness of using LANDSAT ETM+ imagery for wetland delineation 
purposes.
This research investigation shows that satellite imagery can be used to 
update and verify wetland-related spatial information. The emerging 
satellite technologies and image-processing techniques will further enhance 
the mapping of wetlands from satellite imagery [11, 12]. Human impacts 
on environmentally sensitive wetland areas can be assessed in future by 
repeatedly mapping changes in this way. This can form the basis for a national 
monitoring and management plan.
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consequences and responses in respect of sea level rise along the coast of 
southern Africa. Andrew Mather then follows with a detailed study of sea 
level rise and the anticipated impacts along the east coast of South Africa. 
It is anticipated that, even with the modest sea level rise projected for the 
near future, extreme coastal storms will cause ever more damage to coastal 
infrastructure and services. This damage is placed in perspective through 
an examination of the extensive coastal erosion accompanying disastrous 
extreme events along the KwaZulu-Natal coast from Alan Smith and his co-
authors. Finally, the anticipated impacts of sea level rise along the coastline of 
the City of Cape Town and possible adaptation measures to reduce risks and 
alleviate costs are considered by Geoff Brundrit and his co-authors.
The emphasis then turns to specific topics within the broad field. Kim 
Bernard, Wayne Goschen and Juliet Hermes investigate the influence of 
climate change on coastal upwelling along the west coast and the potential 
impacts on the marine resources. This is followed by a shift to long-term 
monitoring of coastal marine biota, and Albrecht Götz explores the potential 
of marine protected areas. Human activities can join climate in being drivers 
of change along the coast of South Africa, and their role along rocky shores 
is discussed by Charles Griffiths and his co-author. Seabirds can be used as 
indicators of the state of the marine environment, and Rob Crawford and 
Peter Ryan demonstrate the value gained from long-term monitoring of their 
distribution, all along the coast of South Africa.
The final two contributions focus on recent changes in distribution in two 
commercially important marine resources and explore causes and effects and 
the possible links to climate change. Carl van der Lingen and his co-authors 
take a close look the pelagic fish stocks of anchovy and sardine in the shelf 
waters off South Africa, and Andy Cockroft discusses implications of the 
large scale shifts in the west coast rock lobster. 

MARINE INSHORE ENVIRONMENT  

Introduction
8Vx���/\{WX\^j

Continuing this section on States and Trends in the Aquatic Environment, 
the focus shifts from freshwater resources, wetlands and rivers and reaches to 
the sea and the coast, and the marine inshore environment of South Africa. 
There are real contrasts in this area, ranging as it does from the sub-tropical 
east coast with its offshore corals and extensive bio-diversity, to the great 
wealth of biological resources to be found in the highly productive upwelling 
areas off the arid west coast.
The marine inshore environment also approximates to the Exclusive 
Economic Zone (EEZ) of South Africa, stretching for 200 nautical miles out 
to sea from the 3 000 km long coastline of the African continent and from 
the tiny Prince Edward Islands far offshore in the South Indian Ocean. The 
EEZ generates increasingly significant benefits for the people of South Africa 
and contributes substantially to the national gross domestic product. These 
benefits include sustainable fisheries for food, safe ports and shipping lanes for 
international trade to and from South Africa, and the cost-effective retrieval 
of oil and gas and other mineral deposits, such as diamonds. The EEZ also 
forms the basis for an extensive recreation and tourism industry. All this is 
achieved despite the hazardous nature of this offshore marine environment 
with its exposure to the winds and storms of the vast oceans to the south.
A healthy marine environment is an important factor for economic 
development, social well-being and human quality of life. An assessment of 
the state of the marine inshore environment around South Africa will set the 
baseline against which to measure trends, especially as far as climate change 
is concerned. This is the objective of the chapters to follow.
The section is introduced by an emphasis on the impacts of climate change 
with a suite of four contributions on the influence of climate change on 
coastal sea level. First, André Theron provides a general review of causes, 
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MARINE INSHORE ENVIRONMENT  

Climate change, sea level rise and 
the southern African coastal zone

A general revue of causes, consequences  
and possible responses

�WX\®��$��zV\xW

This chapter gives a brief revue of the likely physical coastal zone impacts due to 
expected climate change. To mitigate the detrimental impacts of climate change 
on the southern African coast, research is and should increasingly be directed at 
improving understanding of what is happening to our coastline and what is likely 
to happen as climate change intensifies.

Why study coastal climate change impacts?

Predicted climate change and sea level rise have far-reaching consequences 
for southern Africa’s coastal provinces. Over 80% of the southern African 
coastline comprises sandy shores susceptible to large variability and erosion 
(Figure 4.31). The problem with sea level rise is not just the relatively modest 
mean predicted, but its interaction with changing storm intensities and wind 
fields to produce sea conditions that overwhelm existing infrastructure.

Sea level rise

Projections of sea level rise
Recent carefully calibrated observations from satellites show that the sea level 
rise from 1993-2006 is 3,3+/–0,4 mm/year [1]. The Intergovernmental Panel 
on Climate Change (IPCC) AR4 Report [2] concludes that anthropogenic 
warming and sea level rise would continue for centuries due to the time 
scales associated with climate processes and feedbacks, even if greenhouse gas 
concentrations were to be stabilised (Figure 4.32).
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Estimates of sea level rise for southern Africa
Comparisons between about 30 years of South African tide gauge records 
and the longer-term records elsewhere show substantial agreement. A recent 
analysis of sea water levels recorded at Durban confirms that the local rate of 
sea level rise falls within the range of global trends [3].

Accelerated sea level rise
The probability of sudden large rises in sea level (possibly several metres) 
due to catastrophic failure of large ice-shelves (for example,  [4]) is still 
considered unlikely this century, but events in Greenland (for example, [5]) 
and Antarctica (for example, [6, 7]) may soon force a re-evaluation of that 
assessment. In the longer term, the large-scale melting of large ice masses is 
inevitable.

Some important potential consequences of global warming 
on the southern African coast

Wind
Average wind velocity is expected to increase in all seasons in South Africa. If, 
due to climate change, winds become only 10% stronger, then wave height 
increases by 26% and coastal sediment transport rates potentially increase by 
40% to 100% [8].

Storms
The expected increase in storm activity and severity is likely to be the most 
visible impact and the first to be noticed. For example, higher sea levels will 
require smaller storm events to overtop existing storm protection measures 
(for example, Figure 4.33).
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Infrastructure
Breakwaters (Figure  4.34), revetments and seawalls, which protect infra-
structure such as harbours and houses from direct wave action and under 
scouring, will require more maintenance. The longevity of such structures 
and facilities will be reduced.
In some instances, roads and railway lines have been located too close to the sea 
(Figure 4.35). The foundations of such structures could be underscoured due 
to the combined impacts of sea level rise and increased sea storms. This could 
result in structural damage and potentially fatal accidents if not rectified.
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Other consequences

Some other consequences of global warming on the South African coast 
include the following:
 � Altered freshwater inflows and sea conditions (waves, water levels and 

sediment) will (further) reduce the environmental function of some 
estuaries, which will impact fisheries (for example, nursing grounds). 
Also, estuaries are exposed to changes in salinity regime.

 � Shorelines are very sensitive to sediment supply and budgets – erosion is 
influenced by various factors affected by climate change. 

Examples of complexities, thresholds, discontinuities and 
non-linearities

These are some examples of complexities, thresholds, discontinuities and 
non-linearities:
 � A certain beach width is, for example, required for natural variability in 

shoreline location and certain ecological functioning. Once the average 
beach width reduces to less than this amount (due to the ‘squeeze’ between 
fixed present development and sea level transgression up the coastal slope), 
there will be detrimental and progressive impacts on the ecology and on 
anthropogenic development (such as evident in Figure 4.36).

 � Sediment transport and thus erosion is exponentially related to wave height, 
which in itself is not linearly related to (increasing) wind conditions. Some 
impacts of increased sediment transport would be particularly noticeable 
where there are disruptions in alongshore transport or discontinuities. For 
example, harbour entrance channels that trap alongshore transport could 
trap much more sediment in future, requiring increased preventative 
(maintenance) and dredging (potentially in the order of 50-100% more), 
which will lead to higher costs.
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Identification of some of southern Africa’s most vulnerable 
areas and local issues

The most vulnerable areas along the coast will almost invariably be located 
where problems are already being experienced. In most cases these are the 
areas where development has encroached too close to the high-water line 
(as  illustrated by the example pictures), or at too low an elevation above 
mean sea level.

Namibia
Breaching of the Walvis Peninsula by the sea poses a real threat. Because the 
peninsula is so low-lying, both sea level rise and increased sea storminess 
could greatly increase this risk. A large breach of the Walvis Peninsula would 
have disastrous consequences for Walvis Bay.
Increased storminess due to climate change would impact costs (for example, 
increased beach-wall maintenance and protection) and increase the difficulty 

of coastal diamond mining in certain areas. However, it appears that apart 
from some important potential impacts in the Walvis Bay area, the Namibian 
coastline is relatively invulnerable to climate change impacts (compared to 
many other countries).

South Africa
Fortunately, due to the relief of much of the South African coast and the 
location of existing developments, relatively few developed areas are sensitive 
to flooding and inundation resulting from projected sea level rise (to 2100).
The most vulnerable coastal areas (resulting from predicted climate change 
impacts) that have been identified are northern False Bay, Table Bay, the 
Saldanha Bay area, the Southern Cape coast (for example, Figure  4.37), 
Mossel Bay to Nature’s Valley, Port Elizabeth and developed areas of the 
KwaZulu-Natal coast.
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According to Tol [9], by 2100 South Africa will lose some 11% of its wetlands 
due to full coastal protection measures and structures erected to mitigate sea 
level rise impacts, making South Africa potentially the fifth most vulnerable 
country worldwide in terms of wetland losses only.

Mozambique

Tol [9] predicts that by 2100 Mozambique will have lost 1,3% of its dryland 
area due to sea level rise, potentially making it the fifth most vulnerable 
country worldwide to sea level rise.
Fringing reefs are found along some areas in Mozambique. These reefs 
comprise tough, algal-clad intertidal bars composed largely of coral rubble 
and provide protection from wave attack to the inshore areas and beach sands 
that are susceptible to erosion [10]. If the coast is subjected to the predicted 
sea level rise, and the upward growth of the reef bars fails to keep pace, then 
their protective role will be diminished.
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The port cities of Maputo and Beira are likely to be some of the most 
problematic areas in Mozambique from a climate change perspective and 
appropriate local planning and adaptation measures should be initiated in 
the short-term.

Possible responses and guidelines to mitigate climate change 
impacts

In general, regarding developed areas and existing infrastructure, southern 
African states have very little adaptive capacity. Where this is deemed 
acceptable and space permits, the best policy in the long-term is probably 
not to combat coastal erosion and to allow the natural progression of coastal 
processes. In any case, our ability to halt the coastal impacts of climate 
change on a large scale is virtually non-existent and may well lead to other 
detrimental impacts.
Tol [9] predicts that adaptation would reduce impacts by a factor of 10 to 
100 (globally), and that adaptation would come at a minor cost compared to 
the potential damage incurred. This strongly emphasises the need for setting 
and implementing adaptation measures sooner rather than later.
Each vulnerable stretch of coastline should be studied in terms of aspects 
such as wave energy, sand budgets, future sea levels and potential storm 
erosion setback lines, including accounting for at least a Bruun-type erosional 
response, as well as expanded profile envelopes.
In southern Africa, we need to develop decision-support tools such as maps, 
a geographic information system (GIS) database and reports for use by the 
coastal management community. This will lead to a coastal vulnerability 
classification scheme whereby realistic scenarios of future coastal conditions 
can be used to support adaptive management and the development of coastal 
policy.
Our best ‘adaptive capacity’ appears to lie in planning and research-related 
initiatives, such as quantifying increased storminess, and determining 
appropriate coastal erosion and development setback lines. We must also 
expand and adapt current plans for disaster management to include measures 
for more intense meteorological and metocean events.
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Conclusions

Locally applicable methods have to be developed urgently to realistically 
quantify the impacts along the southern African coast. To mitigate the 
detrimental impacts of climate change, we have to understand the adaptation 
options available to southern African society, which are considerably different 
from First World approaches and still largely undefined.
Quantitative information remains largely unavailable and the resulting, 
somewhat speculative, predictions presented here are uncertain. Some 
important potential consequences of global warming on the southern African 
coast are highlighted, and there is a clear and urgent need for improved 
understanding of these issues and, especially, predictive capabilities.

MARINE INSHORE ENVIRONMENT  

Sea level rise and  
its anticipated impacts  
along the east coast  

of South Africa
�WX\V|��$�?`jzV\

This chapter focuses on likely impacts along the sandy east coast of South Africa. 
Sea level rise and coastal erosion is modified by a range of differing influences that 
result in very specific and localised responses. This section explores several of these 
factors by way of examples. What is evident is that additional research at a fine 
scale into the behaviour of the coastline is needed if we are to understand and 
plan properly into the future.

Introduction

The east coast of South Africa is typified by its sand shoreline with rocky 
outcrops or headlands that break up the coast into distinct bays. The sand is 
predominately composed of quartz [1] and has a grain size of between 0,3 and 
1,0 mm. This is a high energy coastline with large waves and swells. Summers 
are dominated by winds and waves from the northeast and winters by winds 
and waves from the southeast. This results in a cyclical movement of sand 
offshore in winter and onshore in summer. During winter the beaches are 
at their narrowest, experience the largest storm events and are therefore the 
most vulnerable to raised sea levels. Large storm events are not uncommon 
along this coastline and when several events occur at close intervals these can 
cause enormous damage to the coastline. This was dramatically shown in the 
storm event during March 2007 along the KwaZulu-Natal coastline (see the 
next chapter by Alan Smith et al.). This particular event was significant as it 
provided a preview of the type of situation which may occur more often into 
the future.
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Factors influencing sea level rise at a local level

Many authors have determined that global sea levels are increasing [2]. The 
rate of sea level rise at Durban is 2,7±0,05 mm/year [3]. However, the rate of 
sea level rise at a particular location can vary. These variations can be caused 
by large-scale global circulation systems, such as ocean current circulation 
between large irregular ocean basins, to much more localised influences, such 
as barometric pressure changes. This section focuses on the local role of two 
influencing factors, namely, the influence of the warm Agulhas Current and 
local vertical crustal movement.

Agulhas Current
One of the largest contributors to global sea level rise is the warming and 
expansion of the water in the oceans. The current view is that even if warming 
could be stopped now the lag in thermal expansion of the oceans will continue 
until the year 2300 [1]. The East Coast is strongly influenced by the Agulhas 
Current, which brings warmer equatorial water to the coastline. This warm 
water, in contrast to the surrounding seawater, is lighter and therefore yields 
its full thermal expansion component in the form of sea level rise. A warming 
trend in the Agulhas Current will result in increased thermal expansion and 
sea level rise. Intensification of the Agulhas Current in the 1980s has been 
observed and is discussed by Mathieu Roualt et  al. in the section on The 
Marine Offshore Environment.

Local vertical crustal movement
Local vertical crustal movements affect the relative change in sea level 
experienced at different locations along the coastline. Observations from the 
Hartebeesthoek Radio Astronomy Observatory show that the land mass is 
rising at different rates. In the north, Richards Bay is rising at +1,11±0,25 mm/
year, and in the south, Simon’s Town is rising at 0,29±0,18 mm/year  [4]. 
Upward movement of the land mass is offsetting some of the rise in sea level.

Projected sea level rise

The amount and rate of sea level rise into the future is not known. Many 
authors have attempted to determine some likely projections based mainly on 
CO2 increases. Over the last few decades the science behind the models used 
to provide these projections has improved and the range has narrowed [5]. 
The current Intergovernmental Panel on Climate Change (IPCC) Report [1] 
gives a range (refer to the previous chapter by André Theron, Figure 4.32.) 
However, from a practical point of view, it is important that South Africa 
reach a consensus on the range of sea level rise that must be planned for. 
The eThekwini Municipality has been working on a range of scenarios for 
long-term planning. These are 300  mm, 600  mm, and to address recent 
concerns about glacial failure, 1 000 mm [6]. The scenarios are seen to be 
both believable (an important consideration when it comes to convincing 
the public) and workable. Clearly, if the situation changes drastically these 
figures will need to be reviewed.

Likely impacts along the shoreline of the East Coast

Rising sea levels will impact to a greater or lesser extent the whole sandy east 
coast coastline. Lower lying land adjacent to the coastline will be particularly 
vulnerable and there will be an even greater risk if the protective dune system 
has been removed. Rising sea levels will result in the inland migration of dune 
systems. For example, the dune system at Isipingo, adjacent to the Durban 
International Airport, has been retreating inland at a rate of between 0,7 and 
2,1 m/year [7]. Provided there is space to allow this movement there is no real 
threat behind transgressive dunes. Any area in which urban development has 
replaced the dune system is vulnerable (Figure 4.39). Without the protective 
barrier to buffer storm events these areas will receive regular inundation and 
erosion (Figure 4.40).
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These areas can be protected provided sufficient money is available. 
Recommended methods of protection will vary from site to site. For example, 
beachfronts, which rely on tourists visiting the sandy beaches, would be well 
advised to use a soft engineering approach [8]. In some cases the beaches will 
need to be renourished with sand. Renourishment is the dredging of sand 
from off-shore sources and pumping this material to the beach. This process 
provides a renewed buffer against erosion. It is expensive at around R50/m3 
and is not permanent and so needs to be undertaken at regular intervals.
Estuaries are also vulnerable to changing sea levels. The estuaries along the 
East Coast consist mainly of temporary open-closed estuaries. The closed 

condition is achieved by a beach bar which closes the estuary mouth. These 
estuaries will be driven inland by the continued migration of the beach bar 
inland. Storm events on a raised sea level will wash marine sediment over the 
bar into the estuary. The additional sediment will fill the estuary basin and 
effectively reduce its scouring ability when the estuary’s bar is breached. This 
will slowly reduce the functioning and productively of the estuaries and will 
have consequences for fish stocks in the oceans.
Locations in which ancient dune formation occur, such as the Bluff in Durban 
and other major dune systems along the Zululand coast [2], will experience 
undercutting of the base of the dune, which will result in large slip failures. 
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These failures will provide additional sediment to the longshore transport 
regime but will endanger infrastructure located seaward and along the front 
slopes of these dunes. Figure 4.41 shows the situation at the base of the Bluff 
headland in Durban. The figure shows the progressive retreat inland on the 
high water mark (HWM) (here defined in accordance with the Integrated 
Coastal Management Act (2009) [9]) for 300 mm, 600 mm and 1 000 mm 
sea level rise scenarios [6].
There are two consequences of this sea level rise. Firstly the sewerage 
infrastructure, which services the whole of the Durban CBD and the 
residential suburbs on the Berea, is located on the beach. This facility collects 
the incoming sewerage flows and undertakes a primary screening of the 
inflows before pumping the sewerage off-shore through an undersea outfall. 
It can be clearly seen that the installation is under risk even before 300 mm 
of sea level rise is realised. The second consequence is the undermining of the 
toe of the ancient dune. This undercutting will result in slips along the steep 
seaward facing slopes. For means of illustration, the potential slip failure zone 
(coloured transparent red) is shown for 1 000 mm of sea level rise. Buildings 
located at the top of the Bluff (some 80 m high) will be in danger of sliding 
down the dune side. This scenario is also likely to occur in locations along the 
portion southwards to Amanzimtoti.

Other influences and impacts beside sea level rise

While this section is dedicated to the impacts of sea level rise it would be 
irresponsible not to mention other man-made influences which will have 
a significant bearing on the position of the coastline in the future. The two 
keys influences are the harvesting of sand from rivers for building purposes 
and the construction of dams for the collection of potable water for human 
needs.

Sand mining in rivers
Harvesting of sediment from rivers, commonly called sand winning, is an 
important facet of the construction industry. The sand is a vital ingredient 
in the production of the concrete required for the construction of buildings 
and infrastructure, such as roads, bridges and stadia. The ideal type of sand 

required by the construction industry has unfortunately the same grain size 
as that required to replenish and build beaches. All sand winners are required 
to have a permit; however, in practice illegal sand winners outnumber the 
legal sand winners by two to one. The reduction of the flow of sand to the 
coast by sand winning is estimated to be approximately two-thirds of all 
available sediment [10].

Dam construction in rivers
Dams constructed over the previous century in some of the main water (and 
sand) producing catchments for the needs of an expanding population have 
also had a significant impact on the future position of the coastline. Firstly, 
these dams are constructed in the main channels of rivers and as a result trap 
the sediment streams which would ordinarily pass down the rivers depriving 
their contributions to the coast. Secondly, the sediment trapped in the dams 
takes up valuable storage space at the bottom of the dams. This reduces the 
capacity and the potable water yield of the dams. All our dams are slowly 
filling up. Solutions are being sought, such as dam wall raising (Hazelmere 
dam), and new dams are planned (Spring Grove dam), but the problem will 
ultimately lead to the closure of these dams as they become completely filled 
with sediment (Shongweni dam). The reduction of the flow of sand to the 
coast by all dams is estimated to be approximately one-third of all available 
sediment [10].

Conclusion

It is critical to understand the extent of the impacts of the combination of 
factors discussed in this chapter in order to form a picture of what a future 
coastline could look like. While some work is being undertaken, it is evident 
that much more work in this field is required before we can plan and adapt 
to rising sea levels and coastal erosion.
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MARINE INSHORE ENVIRONMENT  

The 2006-2007 KwaZulu-Natal 
coastal erosion event  

in perspective
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The KwaZulu-Natal coastline experienced three types of significant erosion during 
2006-2007. The base erosion was tidally driven by the 18,6-year nodal tidal 
cycle. This was exacerbated by a large storm in March (2007) which left the coast 
in disequilibrium and vulnerable to further erosion by lesser storms during the 
2007 winter erosion cycle. By October (2007) the summer depositional pattern 
had set in and most beaches capable of natural repair had recovered as much as 
60%. Erosion patterns varied; the 18,6-year nodal tidal cycle (2006) and winter 
erosion (2007) were characterised by erosion hotspots, whereas the March storm 
erosion was laterally extensive. Future sea level rise will make coastal erosion more 
common and increase the risk of damage to coastal infrastructure.

Introduction

Most of the world’s coastlines are eroding [1], driven in part by global 
warming-triggered sea level rise (see Chapter by André Theron in this 
section). KwaZulu-Natal (KZN) has a high-energy coastline, which is 
generally eroding at rates of 20 cm to 1 m per year [2-4] (in line with world 
averages)  [5], consequently, there is considerable seasonal and episodic 
fluctuation of the high water mark position [2-4]. Erosion rates vary along 
the coast but there is a clear link with coastal geomorphology. Coastal erosion 
is amplified by a sand deficit due to drought, sand mining, dam construction 
and unwise coastal development [6-8] and will increase in the future because 
of global warming-triggered sea level rise and increased storminess [9].

222
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Tidal erosion

The KZN coastline experiences regular erosion on the normal spring high 
tide which produces characteristic beach sand scarps. This is accentuated 
when associated with storm surf [10]. During 2006, scattered parts of the 
KZN coastline experienced strong equinoctial tidal erosion (March and 
September). October (2006) coincided with the 18,6-year peak nodal tidal 
cycle and a 2,3 m tide (highest astronomical tide) was measured. This very 
high tide was due to the Moon and Sun being at their closest to Earth and 
coinciding with the spring equinox. During this time Eastmoor Crescent 
in Durban suffered severe erosion (up to 30  m of beach loss). Historical 
photographs indicate that this location underwent similar erosion during 
1989 and anecdotal sources talk about erosion in 1970 (Figure 4.42).

Storm erosion

A major storm struck the KZN coast on 18-20 March (equinox 2007) 
during the highest tide of the year. The significant wave height (Hs  or 
average set wave) was 8,5 m with a maximum swell height of 14 m [11]. The 
oceanographic environment immediately prior to the March storm had been 
dominated by cyclone swells (2 to 4 m), consequently, the shoreline profile 
was already degraded and sand depleted [8].
The storm tide and wave run-up reached areas that seldom experience marine 
water inundation and these areas were easily eroded. Wave run-ups in the 
Durban region were surveyed at +4  to +7 m above mean sea level (amsl) 
and on the rocky coastline of Ballito they reached at least +11 m amsl [8]. 
The highest wave run-ups were on the southern side of headlands [8, 11]. In 
areas of vegetated coastal dunes the run-ups were less than 3 to 4 m amsl. The 
total amount of sediment removed is unknown.
The steepness of the KZN coast meant that the storm’s hydraulic head could 
not be dissipated landward as inundation, but had to be released as an erosive 
seaward storm-return flow. Exposed or shallowly buried wave-cut rocky-
platforms amplified coastal erosion. In contrast, wave action was diluted by 
friction across wide sandy beaches. The March storm destroyed many of the 
longshore bars (surf bars) and moved the sediment offshore. The sediment *�"����7$7+� ��������� ;�������%� #��	���� �������� ����� -353� ���� +,,�%� ��������
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deposited below 10 m deep will not return to the beach and will be bound 
up in the offshore shoreface-connected ridge system [12].
Large 8  to 10  m swells have been recorded during mid-winter storms in 
the KwaZulu-Natal Bight [13]. Tropical storm Imboa (early February 1984) 
produced 9 m (Hs) swells in the Richards Bay area [14]. Another storm, in 
April 1984, was reputed to have raised 10 m swells off the KZN coast [15]. To 
a first approximation, a storm with the magnitude of March (2007) or greater 
can be expected about every twenty-five years [16]. This suggests that the 
storm was severe but not extreme. The scale of property damage experienced 
(Figure 4.43) was due to inappropriate coastal development [8].
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Winter erosion (2007)

Winter erosion is driven by southerly swells that create a south to north 
current called the littoral drift, which causes the greatest erosion in the 
southern parts of bays. In summer it reverses causing a seasonal beach 
rotation [17], but the winter pattern dominates. In 2007, there was a one to 
two month time lag, due to seasonally calm seas, between the March storm 

and the onset of the winter erosion, which lasted from May to the end of 
August. Erosion was restricted to specific erosion hotspots (EHS) located in 
the southern parts of sandy bays to the north of headlands.
Winter erosion (2007) began with two large swells in May (Hs = 4 to 5 m). 
It was intensified by a winter storm on July 30 (Hs = 4,5 m) which coincided 
with a spring high tide. The last significant bout of erosion took place at the 
end of August during a large swell (Hs = 3,2 m), which also coincided with 
a spring high tide. Winter erosion rates of 0,6 to 10 m/day were achieved. 
In contrast, during the March storm as much as 40  m of coastal erosion 
occurred in a single day. At the conclusion of the winter erosion certain 
EHS had lost 40 to 100 m of beach. In some instances only an intervention 
prevented the coastal erosion reaching its natural peak (Figure 4.44).

Discussion

In 2006, the unusually high spring tides of the 18,6-year lunar nodal tidal 
cycle caused erosion at isolated EHS and made the coast vulnerable to further 
erosion. Although the March storm occurred some months after the highest 
tide of the 18,6-year cycle it still struck during an unusually high equinoctial 
spring tide. In order for the coast to return to a new dynamic equilibrium, 
the seabed profile needed to rise and to do this sand was required. Storm 
erosion had moved sand too far seaward for fair-weather waves to return it; 
consequently the only available source was further coastal erosion.
The March (2007) storm erosion was laterally extensive; whereas the tidal 
and winter erosion was restricted to hotspots. Much of the KZN coastline 
comprises asymmetric (some are log spiral) sandy bays bracketed by rocky 
headlands or points. These bays are subject to megaripcurrent cells that are 
driven by the net south-to-north littoral drift and cycle sediment between 
the beach and the offshore bars [2-4]. Swell height, tides [18], bathymetry, 
wind and other currents amplify these currents. This erosion is strongly 
geomorphologically controlled [19] and occurs when the bedrock underlying 
the beach is sufficiently deep to allow shoreward head-cutting into the coastal 
dune system. Each bay contains a single or multiple megarip-current cell, 
identified by the presence of a megacusp, ranging from tens to hundreds 
of metres wide (Figure 4.45). Erosion was commonest at spring high tide, 
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usually in concert with large, long-period swells and often associated with 
strong coast-parallel winds.
The difference in coastal erosion types between the March (2007) storm and 
the 2006 tidal- and the 2007 winter erosion may be explained by water level 
and geomorphology. During the March storm (2007) the very high sea levels 
flooded some points and headlands, removing their topographic effect [20] 
and preventing megarip EHS activity [20]. Consequently, the stretch of coast 
responded with lateral erosion as opposed to EHS.
In urbanised areas, coastal dune cordons had been impacted on by 
development, either indirectly or directly, to the point that they could no 
longer function. Thus these dunes were incapable of acting as either a storm 
defence or as a bank for making good sand loss [8, 12]. The shortfall had 
to be made up from beach and dune erosion, hence coastal erosion became 
chronic during the winter of 2007. 
By September (2008) most of the sandy beaches affected by the erosion 
event of 2006-2007 had been restored to at least 60% of their pre-erosion 
width. Pristine coastal dunes had become re-vegetated and in some instances 
fore-dunes replaced. In urban areas the eroded coastal dunes had to be 
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artificially replaced using synthetic geotextile sandbags. Between March and 
September (2008) there were six storms with Hs = 3,5 to 4,0 m. Two of these 
storms occurred during comparatively low spring tides; the rest occurred 
towards neaps. Only minor coastal erosion was associated with these storms 
indicating that a new dynamic coastal equilibrium had been attained.

Historical erosion comparisons

The maximum 2006-2007 high water mark retreat values occurred at 
locations of known large historic variation [2-4], thus allowing a predictive 
capability. What is clear is that in many cases the 2006-2007 erosion events 
resulted in cumulative erosion that was less than the historic maximum.

Conclusions

 � Between 2006 and 2007 the KZN coastline underwent three significant 
erosion events: 18,6-year nodal cycle erosion (October 2006); large storm 
erosion (March 2007), which coincided with the March equinox; and 
catastrophic EHS winter erosion.

 � Storm water level and geomorphology are key factors in dictating erosion 
type. The March storm (2007) sea level caused laterally extensive coastal 
erosion, destabilised the coast and led directly to the catastrophic EHS 
winter erosion of 2007.

 � Cumulative erosion figures are comparable to, and in some cases less than, 
the historic variation of the high water mark. Areas vulnerable to erosion 
can be predicted.

 � In some urbanised settings interventions were required to save seafront 
property and infrastructure.

 � By January 2008, the rural coastline had recovered to at least 60% of the 
pre-erosion condition in most cases. In urban areas, although the beach 
sand came back, the dunes were unable to facilitate a natural repair and 
had to be artificially stabilised using synthetic geotextile sand bags.

 � Erosion is expected to increase due to sea level rise and the increased 
storminess; consequently, the 2006-2007 events should serve as a warning 
to coastal residents and planners.
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Sea level rise for Cape Town
Impacts and adaptation
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The City of Cape Town administers approximately 240 km (around 60 km are 
in the Table Mountain National Park) of coastline, arguably its single greatest 
economic and social asset. Global climate change predictions suggest that sea 
level rise and an increase in the intensity and frequency of storms may have 
a significant impact on such coastlines. The city has developed a Geographic 
Information System model to take estimates of future sea level rise, build them 
into illustrative scenarios of the resulting inundation of parts of the city, assess the 
risks to its infrastructure and services and identify the adaptation measures that 
could be adopted to mitigate those risks.

Introduction

This chapter addresses the threat of sea level rise along the beautiful 300 km 
coastline of the City of Cape Town and suggests what can be done about it.
In the recent past, Cape Town sea level has risen roughly in line with the 
measured global increase of 2 cm each decade. That’s not much, so where’s 
the problem? There are two: ice melt over the polar land masses and bigger 
storms coming along more frequently.
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Changes in mean sea level are linked not only to the expansion of the oceans 
due to global warming, but also to the melting of the polar ice-sheets, which 
is now starting to occur. Predicting the extent and rate of polar ice-sheet 
melt is difficult, but a global mean sea level rise of metres is considered a real 
possibility within this century. As far as the Cape winter storms are concerned, 
the waves at the surf-break are often 10 m in height. At the coast, these waves 
can erode the sand dunes, damage coastal defences and flood low-lying areas. 
If a big storm comes at spring high tide, it can easily add a couple of metres 
to the background sea level for the duration of the event (Figure 4.47).

*�"����7$74� /�"�������������9����$��;�������;���������

The combination of higher mean sea levels and the probable increase in the 
frequency and intensity of storms will pose serious risks to infrastructure and 
services along the city’s coastline. These threats will be at their peak during 
winter storms and during periods of high tide, particularly in spring and 
autumn. The prospect of the sea reaching heights of well over 2 m above 
mean sea level becomes distinctly possible. To assess the risk, the City of 
Cape Town has developed a Geographic Information System (GIS), which 
includes details of the low-lying land, with infrastructure such as housing 
and industry and all the services, such as roads, electricity and water supplies. 

This GIS can be used to assess the danger from particular climate change 
scenarios. Two separate situations are illustrated here: the increasing danger 
from big storm events and the longer-term prospect of permanent flooding 
from polar ice melt.

The big storm event now and into the future

At present, the worst case scenario is a big Cape storm occurring at the same 
time as a spring high tide. The waves at the surf break might exceed 10 m in 
height and the spring high tide will carry the big waves through the surf zone 
to the coast. The impact on the coast depends on the degree of protection. On 
a sheltered coast with good natural protection in the sea from reefs and kelp 
forests, the waves will dissipate through the surf, but the set up at the coast 
will still reach 2,5 m above mean sea level (amsl). However, on an exposed 
coast lacking this natural protection, the sea will reach up to 4,5 m at the 
beach, and on a very exposed beach with no natural protection at all, up to 
6,5 m amsl. Cape Town hasn’t had this experience within living memory, but 
it did happen along the KwaZulu-Natal coast in March 2007, and this helped 
provide vital information as to what can happen in such circumstances. The 
storm caused over R1bn in damage to coastal infrastructure [1]. 
Coastal defences are designed to augment the natural protection and to 
turn exposed coasts into sheltered coasts. These defences might be seawalls 
or a fortified dune barrier providing additional protection to a coast or a 
breakwater protecting a harbour. Even on a sheltered coast, it may be 
necessary to use additional coastal defences to protect low-lying land behind. 
With this protection everywhere in place, and the City of Cape Town coast 
regarded as a sheltered environment, the coastal land at an elevation of less 
than 2,5 m amsl will be at risk of flooding during the worst case scenario. The 
GIS can provide the detail (Figure 4.48).
The vulnerable areas are principally wetland areas associated with estuaries 
and coastal land that has been reclaimed from wetlands.
What are the chances of such a damaging event occurring? Well, only a small 
chance at the moment. However, as the sea level rises, a somewhat smaller 
storm will result in the sea level reaching this same danger level of 2,5 m. 
In fact, over the next 25 years, it is almost certain that all parts of the Cape 
Town coast will be buffeted by at least one storm with this level of impact.
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The sea would flood 25 km2 of the city’s low-lying coastal areas and threaten 
(in 2008 prices) R5,2bn worth of public infrastructure, private real estate 
and tourism revenue. It is unlikely that the city will be confronted by either 
the full extent of the risk, or the full cost in a single incident, as that would 
require the simultaneous rising of the sea at all points around the coastline. 
Rather, the figures represent the cumulative risk and costs over a 25-year 
period at all points along the coast. At the moment, the risk is low, but it 
will gradually increase over the 25-year period until the cumulative exposure 
reaches the full R5bn.
The GIS can also focus on particular stretches of the coast, show infrastructure 
such as roads and electricity substations, and the implications of a breakdown 
in coastal defences. Figure 4.49 shows the situation at the Strand, on the 
False Bay coast, with the exposure to 2,5 m in blue, 4,5 m in red and 6,5 m 
in orange.
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At some time during the next 25 years the sea will affect the areas in blue, 
swamping the beach, the coast road and the buildings behind with their 
electricity supplies. Should the coastal defences fail at the time of an extreme 
storm, the areas in red and orange will also be affected. The importance of 
maintaining and improving the coastal defences will be paramount.

Permanent flooding from polar ice melt

The threat from polar ice melt is quite different. It involves a 7 m rise in 
mean sea level, leading to permanent flooding of the land along the coast 
(Figure 4.50).
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Once again, it is the reclaimed land and the wetland areas close to the estuaries 
that are vulnerable. This time the area affected has grown to 95 km2 (4% of 
the total land under the city’s jurisdiction). Until recently, this scenario was 
considered unlikely this century, but that has changed with the melting of 
glaciers and the polar ice caps in Greenland and West Antarctica. The value 
of the property, tourism sector and public infrastructure at risk would be 
close to R55bn. Progressive exposure to this cost will take place over the 
period taken for the polar ice to melt and the sea level rise to reach this height 
of 7 m above present day mean sea level.
The sea level rise will lead to a new coastline, seen on the GIS at the land 
edge of the blue area. Here the tide will move in and out on a daily basis and 
remould the coastline, with a new high tide mark at well over 7 m above 
present day mean sea level. The GIS can again focus on particular areas of 
the coast and show the areas and services at risk as the sea gradually rises 
over time. This information can assist in understanding the order in which 
flooding will take place and in assessing what precautionary measures might 
be possible. Figure 4.51 shows what is expected to happen at Muizenberg.
In the first period of sea level rise (up to 2,5 m) Zandvlei will gradually get 
bigger, swamping the houses on its fringe and affecting their services (in 
blue). The outlet to the sea will widen and then overwhelm the coast road 
(Baden Powell Drive), while the vlei will continue to grow bigger and move 
across the railway and into the residential areas to the north (in red). Finally, 
the dune barrier behind the coast road to the east will fail and the sea will 
reach into the False Bay Waste Water Treatment Plant.

The City of Cape Town’s approach to adaptation

What should be the city’s approach to adaptation to the potential impacts 
of sea level rise? The city can take proactive measures designed to counter 
sea level rise events and protect its existing infrastructure and services. In 
extreme cases, it may become more cost effective to abandon existing areas 
and to relocate to new areas on higher ground. Certainly, the city should 
decide not to place more of its investment in areas which are at risk of loss 
from the impacts of future sea level rise.
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Pre-emptive measures and planned responses could significantly reduce the 
risk of sea level rise for the City of Cape Town. The first emphasis should 
be on socio-institutional responses to sea level rise. Table  4.3 summarises 
some possible responses. These responses are seen as most appropriate for 
the city and as a prerequisite for any engineered or physical approaches to 
adaptation. 
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MARINE INSHORE ENVIRONMENT  

Climate change and  
coastal upwelling
Potential implications for  

South African marine resources
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By providing nutrients to fuel phytoplankton production, coastal upwelling 
stimulates biological productivity at all levels, driving the world’s major fisheries. 
One of the major forces driving this is coastal wind. Changes in the intensity 
and frequency of upwelling-favourable winds are predicted to occur as a result of 
climate change and climate variability. This will have significant implications for 
South Africa’s coastal and marine resources. In some instances coastal upwelling 
will be intensified, which may lead to the desertification of adjacent inland areas. 
Conversely, El  Niño events tend to cause a reduction of upwelling-favourable 
winds and consequently result in a reduction in biological productivity.

What is coastal upwelling?

Coastal upwelling is a term used to describe the phenomenon whereby cold, 
nutrient-rich deep waters are transported to the surface. There are a number 
of mechanisms that drive coastal upwelling, but perhaps the most dominant 
force is that of prevailing winds. As wind blows over water it creates a 
net transport of water at right angles to the direction of the wind; in the 
Southern Hemisphere this movement is at right angles to the left, while in 
the northern Hemisphere net movement is to the right. This phenomenon 
is known as Ekman transport and is caused by a combination of friction 
and the Coriolis force. With a coastline present, the surface layers move 

away from the coast and are replaced with water from below, resulting 
in upwelling along the coastline. On the west coast of South Africa, the 
dominant southeasterly winds blow parallel to the coastline. This result in 
a conveyor belt of water movement to the north and west, causing a net 
offshore transport of surface waters, thereby bringing deep, nutrient-rich 
cool water to the surface. Similarly, on the south and east coasts of South 
Africa, easterly and northeasterly winds result in coastal upwelling.
Other forces that drive coastal upwelling involve changes in the intensity and 
position of major currents, for example, the Agulhas Current, in the case of 
South Africa. In areas where the continental shelf widens, such as the region 
south of East London, divergence of the Agulhas Current from the shelf and 
Ekman veering in the bottom layers of the current result in upwelling [1]. 
In addition to this, the formation of cyclonic eddies (those that flow in a 
clockwise direction) by the Agulhas Current as it begins to meander bring 
cold deep waters up to the surface. If these eddies are transported towards the 
coast they will contribute to coastal upwelling [1]. Globally, current-driven 
upwelling occurs typically along the eastern coastlines of the continents. 
On the other hand, wind-driven upwelling occurs along both the western 
and eastern coastlines, but is far more regular and intense along western 
coastlines. Along the South African coastline the process of coastal upwelling 
is extremely strong and persistent off the west coast, as can be seen from the 
satellite image of sea surface temperature (Figures 4.52 and 4.53). Although 
relatively weaker and less widespread, coastal upwelling along the east and 
south coasts of South Africa is likely to play an important role seasonally and 
on a localised scale (Figures 4.52, 4.54 and 4.55).
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The role that upwelling plays in enriching coastal waters and elevating 
biological productivity has been studied globally, particularly along the 
western coastlines of the continents, including the west coast of South 
Africa. However, upwelling on eastern coastlines is likely to contribute 
to the biological productivity of those systems, too. Through the process 
of upwelling, nutrients are transported from the deep waters into what is 
termed the euphotic zone or the light zone. This region in the water column 
is where phytoplankton photosynthesis occurs, since it relies entirely on the 
availability of light. However, in addition to light, photosynthesis requires 
certain nutrients, such as carbon and nitrogen. Carbon is readily available 
in the surface waters, which are in direct contact with the atmosphere. 
The euphotic zone is, however, often depleted of nitrogen. The process of 
upwelling enriches the surface waters, enabling photosynthesis to occur [2]. 
During these conditions phytoplankton grow rapidly elevating the biomass 
at the bottom of the food chain (Figure 4.56). 
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This, in turn, allows for organisms higher up the food chain (herbivores and 
carnivores) to grow and reproduce. In this way, upwelling enhances biological 
productivity in the water column [3-7]. In coastal waters, upwelling provides 
an important source of nutrients and food (in the form of phytoplankton and 
zooplankton) to fish larvae as well as rocky shore filter feeding organisms, such 
as mussels and barnacles [8]. Coastal upwelling thus plays an important role 
in the productivity of many of South Africa’s marine and coastal resources.

How will climate change influence coastal upwelling and 
what will the implications be?

Climate change
Climate change is predicted to have an effect on the frequency, timing 
and intensity of coastal upwelling events by altering the prevailing coastal 
wind patterns [9, 10]. This would have significant consequences for coastal 
productivity and resources on both the western and eastern seaboards of South 
Africa. The implications of such a change are not completely understood for 
the east and south coasts of the country as little research has been conducted 
along those coastlines. However, research conducted on the west coast of 
South Africa as well as in other parts of the world suggests that changes 
in the timing and intensity of coastal upwelling will have severe and often 
detrimental effects on recruitment of rocky shore organisms [11] as well as 
the productivity of major fisheries [12-18]. In addition, the early life history 
of the sardine and anchovy, major pelagic fish resources in South Africa, 
involve transport along the frontal jets between the cold upwelled water and 
warmer offshore water. Increased upwelling may advect these early lavae too 
far offshore and diminish the return of juveniles to the productive inshore 
area along the west coast.
Another mechanism through which coastal upwelling might be affected by 
climate change is the alteration of the velocities of major western-boundary 
currents (currents that flow along the eastern coastlines of the continents). 
For instance, evidence suggests that the strength of the Agulhas Current has 
increased since the 1980s  [19]. This might influence the development of 
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eddies, resulting in either increased or reduced occurrences, as well as an 
increase in shelf-edge upwelling with consequently colder inshore waters.
In addition to altering the productivity and availability of marine and coastal 
resources, changes in coastal upwelling might affect regional climate  [9]. 
Increasing land surface temperatures will elevate the atmospheric pressure 
gradient between the land and sea, resulting in stronger alongshore wind 
stress and subsequent acceleration in coastal upwelling [9]. Along the western 
coastlines of the continents, including the west coast of South Africa, the 
typical climate of those regions is driven largely by the occurrence of coastal 
upwelling. The generally clear conditions along western seaboards lead to 
strong daytime heating of the land, followed by rapid nighttime cooling [9]. 
Also, the cool onshore air flow is typically very low in humidity and for this 
reason many regions that are adjacent to persistent west coast upwelling are 
either semi-desert or desert (for example, the west coast of South Africa and 
Namibia). The more intense upwelling combined with the increasing land 
temperatures will exacerbate the problem by further increasing the alongshore 
wind stress, intensifying the upwelling even further. If coastal upwelling off 
the west coast of South Africa is strengthened this may contribute to the 
desertification of the adjacent land.

Climate variability
El Niño events are known to correspond with reduced occurrence of easterly 
winds [10, 20, 21]. For example, Pacific El Niño events result in a shifting of 
the South Atlantic high pressure cell northwards, resulting in more southerly 
winds in the northern Benguela and less winds in the southern Benguela. 
Known as the Benguela Niño, this is a major episodic event whereby warm 
tropical waters intrude southwards into the Namibian part of the Benguela 
Current  [22]. These changes in prevailing winds would impact on the 
frequency and timing of wind-enhanced upwelling events along the coast of 
South Africa since north- and southeasterly winds cause upwelling along the 
west and south/east coasts respectively. Recent investigations on the effects 
of delayed upwelling indicate that the nearshore environment becomes 
depleted in nutrients, showing very low levels of primary productivity, and 
that the recruitment of rocky intertidal organisms may be reduced by up 

to  83%  [11]. This would significantly impact on the marine and coastal 
resources of South Africa, causing reduced stocks of rocky shore invertebrates 
and many important fisheries. Additionally, the southward intrusion of 
warmer water into the southern Benguela is likely to have significant effects 
on the distribution and productivity of many resources living along the 
southern African coastline and continental shelf.
In addition to El Niño and Benguela Niño, there are other major modes of 
climate variability which are likely to influence the strength of coastal winds, 
including the tropical and subtropical Indian Ocean dipole and the Southern 
Annular Mode. These are all natural modes of climate variability, however, 
the impacts they have on our coastal regions are still not well understood. 
The chapter by Chris Reason and Juliet Hermes in the next section gives a 
more detailed description of climate variability.

What needs to be done?

Unfortunately, apart from concerted efforts to reduce carbon emissions, not 
much can be done to ensure that coastal upwelling systems along the South 
African coastline remain unaffected by global climate change. Since marine 
and coastal resources are likely to be negatively affected by a reduction in the 
occurrence of coastal upwelling, it is essential that these potential changes 
be taken into account by decision makers and resource managers. On the 
other hand, if upwelling is strengthened along the west coast, the subsequent 
drying of the adjacent land will result in severe water shortages, which should 
be planned for in advance in order to mitigate effectively.
At present, in contrast to the Benguela Current upwelling system, very little 
is known about the influence of coastal upwelling on the biology of the south 
and east coasts of South Africa. Since the west coast upwelling system is 
different in many ways from the east and south coast systems, it would be 
pertinent to increase research efforts along the east and south coasts in order 
to gain a holistic view of the impact of global change on coastal upwelling 
along the South African coastline. In addition, long-term monitoring of 
coastal waters is required to detect changes and predict future scenarios.
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Using Marine Protected Areas as  
a tool for long-term monitoring  

of coastal marine biota
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Despite their economic importance, the world’s fisheries have been poorly 
managed and are in a state of crisis. Marine Protected Areas (MPAs) have become 
a viable alternative to conventional management strategies which have failed to 
sustain marine biodiversity and fisheries resources. MPAs have the potential to 
enhance fisheries yield, and, if large enough and established in relatively pristine 
areas, can counteract the ‘missing baseline’ problem. This potential is essential to 
fishery management as it enables scientists to separate anthropogenic influence 
from natural variability and the effects of climate change through long-term 
monitoring in large MPAs.

Introduction

The world’s fisheries are a major employer and an important source of food 
for an exponentially increasing population. From the descriptions provided 
by Sauer, we learn that the total annual employment income from all fishery 
sectors in South Africa amounts to more than R400 million [1]. The sector’s 
importance can’t be overemphasised, in particular for developing nations [2]. 
There are numerous environmental pressures on the marine environment, 
but the impact of fishing has exceeded all others [3,  4] and has reduced 
fish stocks to well below the level of maximum productivity [5]. A glance 
at a selection of scientific and popular articles on fishing reveals a general 
atmosphere of pessimism on the state of fisheries in every quarter of the 
globe. In South Africa, Griffiths [6] examined long-term catch data for the 
hook and line fishery. He estimated that present catches are less than 10% 
of those reported during the first third of the 20th century. Upon scientific 

advice and in terms of a provision in the Marine Living Resources Act (1998), 
the Minister of Environmental Affairs and Tourism in 2000 declared an 
emergency in the sector.
Today there are widespread concerns regarding the ability of conventional 
approaches to manage fisheries sustainably [7,  8]. In order to develop an 
effective and practical management strategy for the future it is crucial to 
reflect on the performance of conventional single species approaches. The 
widespread failure of these conventional approaches in the past has led 
to intensive investigations into conceptually different strategies. As an 
alternative, an ecosystem approach advocates reliance on natural processes 
to restore and sustain fisheries resources by closing an area to exploitation.

Marine Protected Areas as an alternative management 
strategy

Marine Protected Areas (MPAs) have long been promoted as a viable 
alternative to single species protection in marine conservation, and recently, 
as an effective tool for fisheries management. MPAs may be the key to 
enhancing fishery yield where conventional management strategies have 
failed [9, 10]. Fisheries yield will increase as a result of the proximity of an 
MPA if there is substantial spill-over (export) into adjacent fishing grounds. 
This increase in yield can be sufficient to offset the loss of fishing ground to 
the MPA [11], particularly where MPAs are rather small (Figure 4.57).
Today, many authors regard MPAs as a central component of precautionary 
fishery management and conservation of marine biodiversity [9, 10, 12-14]. 
With the establishment of the Tsitsikamma National Park in 1964, South 
Africa became one of the first countries in the world to implement no-
take MPAs (MPAs that enjoy full protection from all types of extractive 
exploitation). Currently, 5% of the South African coastline is protected by 
no-take MPAs, while 18% is protected by some form of conservation [15].
Irrespective of which fisheries management strategy or combination of such 
strategies is chosen, it is crucial to accurately evaluate our actions to be able 
to adapt future efforts. However, this evaluation process is complicated 
as measured trends in fisheries resources are not necessarily only a result 
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separately, which will allow us to put resource assessments in exploited areas 
into perspective (Figure  4.58). South Africa has a relatively large number 
of differently sized MPAs (Figure  4.59). Managers and scientists should 
therefore be equipped to use these MPAs as tools for fisheries enhancement 
(small MPAs) and meaningful long-term monitoring (large MPAs).
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of human exploitation and protection. Natural variability (for example, 
seasonality) together with climate change has an influence on the resource and 
is superimposed on the human influence. In other words, if resources recover 
in an exploited area it might be due to successful management (accurate 
catch restrictions, effective enforcement and high levels of compliance), 
a result of climate change having a favourable effect on the productivity 
of the ecosystem, or a combination of both. If we succeed in separating 
anthropogenic from natural effects, we can adjust our management actions 
in a meaningful way.
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MPAs in South Africa

In South Africa, MPAs are useful as they conveniently provide us with 
examples of pristine ecosystems. This is, of course, if the MPAs are large 
enough to possess sufficient buffering capacity from the far-reaching effects 
of human disturbances. We can then monitor levels of natural change 
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Long-term monitoring methods

Long-term monitoring in the marine environment is particularly expensive 
and only sustainable if the applied methodology is cost effective. As a 
result, much research currently focuses on the comparative evaluation and 
development of new monitoring methods.
For example, scientific angling is a low-cost monitoring method that 
provides researchers with long-term data series (Figure 4.60). Although very 
precise, angling is selective towards larger individuals of carnivore species 
and gives a somewhat skewed picture of the fish community. Diving surveys 
overcome this as they are non selective towards fish (Figure 4.61). However, 
the comparatively high costs involved in diving surveys have led many 
researchers to utilise a combination of both methods. Unfortunately, there 
is a problem, common to both survey methods, which affects the quality of 
the data collected. This is the so-called ‘observer bias’, which refers to the fact 
that anglers and divers vary strongly in skill and experience.
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To overcome observer bias in monitoring, new methods, such as the baited 
remote underwater video (BRUV) method, are being developed. This method 
makes use of high quality digital video; a technology that has only recently 
become affordable. A camera mounted on a tripod is lowered onto the seabed 
from a boat where it records the fish community attracted by an attached 
bait container (Figure 4.62). The footage can later be analysed systematically 
on a computer where all the necessary information is readily available. This 
ensures objectivity (no observer bias) and a high quality of data analysis.
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Conclusion

MPAs have come a long way in improving marine conservation, fisheries 
resources and our ability to monitor and manage. Future efforts should focus 
on the systematic establishment of a national MPA network to ensure that the 
services they provide us with are available wherever necessary. Considering 
the vast distributional ranges of some marine species and the connectivity of 
biogeographic regions across oceans through large-scale current patterns, it is 
evident that international collaboration in marine research and management 
will be critical to ensure effective conservation. The future survival of 
our marine resources depends on our ability to monitor impacts and 
environmental change. Without this information sound decision making is 
impossible.
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MARINE INSHORE ENVIRONMENT  

Human activities as drivers of 
change on South African  

rocky shores
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Rocky shores are amongst the most accessible of marine habitats and have been 
exploited by humans for thousands of years. Over the past few hundred years, 
however, both the intensity and variety of human impacts on rocky coastlines have 
increased significantly. This short chapter reviews the most important ways that 
humans have changed South African rocky shores. In probable order of importance, 
these impacts are: direct exploitation of coastal species; the introduction of non-
native marine species; climate change; and habitat modification, pollution and 
disturbance.

Direct exploitation of coastal resources

Direct exploitation of coastal resources can take several forms, ranging from 
traditional subsistence exploitation, through recreational fishing to full-
scale commercial activities. Subsistence fishers began exploiting mussels and 
limpets along South African shores tens of thousands of years ago and the 
remains of their meals can still be seen in the form of large shell middens, 
particularly along the west coast. The number of subsistence gatherers has 
increased dramatically over the past hundred years and this activity is now 
particularly intense in the Eastern Cape (Figure  4.63) and in KwaZulu-
Natal. The most intensively targeted species are mussels and limpets, but 
at least 30 other species are taken, including winkles, whelks, octopus and 
redbait [1].
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Rates of shellfish extracting in the Eastern Cape can reach over 5 500 kg per 
km of rocky shore [2]. Not surprisingly, this has resulted in marked reductions 
in both the average size of mussels and in their density. Indeed, so few large 
mussels remain that the rate of settlement of mussel larvae has become 
severely reduced over the entire region [1]. Intensively-exploited shores are 
now dominated by barnacles, coralline algae and other inedible species. The 
solution to this problem can only be achieved by controlling exploitation to 
sustainable levels. This has been successfully done in a few sites where village 
mussel committees and mussel monitors have been appointed to control 
mussel harvest rates (Figure 4.64).
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Recreational shore angling has also increased enormously in popularity over 
the past century and by the 1990s total effort was estimated at 3,2 million 
angler-days per year, or approximately 1 000 angler-days fished for every km 
of coastline [3]. These anglers catch some 4,5 million fish per year (about 
1 500 fish per km). Not surprisingly, the combined effects of such intense 
and sustained long-term fishing pressure, combined with a commercial 
fishery that targets many of the same species, has led to drastic declines 
in abundances of many more sought-after angling fish. Indeed, some fish 
populations have now been reduced to a few percent of their numbers a 
century ago [4]. The long-term decline in angling fish abundance and mean 
size is clearly evident from images of historic catches, the likes of which are 
hard to imagine today (Figure 4.65). Drastic reductions in catch, combined 
with the establishment of additional marine reserves, are necessary if angling 
fish stocks are to be rebuilt to anything approaching their original levels.
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Commercial exploitation on rocky shores is restricted to a few high value 
species, notably abalone, rock lobsters and seaweeds. Abalone stocks have 
been severely overexploited, particularly because of a flourishing illegal 
fishery [5], resulting in the recent complete closure of first the recreational 
and then the commercial sector.
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West coast rock lobster continues to sustain a valuable commercial fishery [5], 
although the stock has been greatly depleted over the past century. Some 
9  000 recreational licenses are issued to fish Natal rock lobster each year 
and these fishers take about 100-150 tonnes, with a further 50 tonnes being 
collected by small-scale commercial fishers in the former Transkei.
South African seaweeds have been commercially collected since the 1940s 
for extraction of alginates and agars and are used, for example, as thickeners, 
gelling agents, stabilisers, and emulsifiers in paints, food and cosmetics. This 
industry causes little ecological damage as the plants are either collected after 
being washed ashore or are plucked in a sustainable way that allows them to 
re-grow [6, 7]. Of more concern is the recent rapid increase in collection of 
living kelps as feed for cultured abalone, as there is insufficient kelp to meet 
projected future demand in some parts of the coast.

Introduction of non-native marine species

Ever since the first European explorers landed in South Africa, marine 
species have been continuously introduced into the region along with 
shipping activities. A few such species were brought in intentionally, but 
the vast majority arrived by accident. The mechanisms, or vectors, by 
which importation has taken place, have varied greatly over that time. The 
wooden vessels of early seafarers travelled slowly and were ideal habitats for 
external fouling organisms as well as specialised wood-boring species, such as 
shipworms and gribbles. Many early ships were also stabilised by dry ballast 
in the form of sand and rocks, which was loaded at the port of origin and 
dumped upon arrival, along with any drift-line fauna and flora that survived 
the journey. Modern steel vessels are much larger, more numerous and travel 
more rapidly. Although they are impenetrable to borers and painted with 
anti-fouling paint to discourage fouling organisms, they are often stabilised 
with ballast water. This has provided a new and different mechanism of 
transport for non-native species, particularly those that float or swim in the 
water. Modern aquaculture and the pet trade provide an additional vector for 
modern introductions.
The first paper specifically listing introduced marine species from South 
Africa only appeared in 1992 and listed just 15 species  [8]. By 2008, this 

number had risen to 22 definite and 18 cryptogenic species (those suspected 
but not proven to be introduced) [9]. Ongoing research has, however, quickly 
increased this number and today the number of marine introductions and 
cryptogenic species combined stands at some 120 and continues to expand 
at a rate of about one species a month! Moreover is it important to recognise 
that even this greatly increased list represents only a subset of actual marine 
introductions for South Africa, as many taxa and sites remain to be studied 
(A.  Mead unpublished data). Almost all of these species were introduced 
accidentally, with the exception of shellfish that have escaped from culture 
facilities. Most marine introductions remain restricted to sheltered harbours 
and estuaries, probably because conditions there most closely resemble those 
in their areas of origin. There are several species that are able to colonise 
the open wave-swept coast, with those that do so becoming very abundant 
(Figure 4.66).
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Studies into the significant ecological and economic impacts of South African 
marine introductions are only evident for a few species, with the potential 
impacts of the vast majority of introductions remaining unknown [9]. The 
transparent sea squirt (Ciona intestinalis) causes economic damage by growing 
over and smothering farmed mussels [10]. The European shore crab (Carcinus 
maenas) is a voracious predator currently common only in harbours, but would 
probably decimate shellfish stocks if it spreads to sheltered bays, like Saldanha 
Bay [10]. The Pacific barnacle (Balanus glandula) has become the dominant 
barnacle along much of the west coast, displacing some intertidal species, but 
providing habitat for others [11]. The most significant introduction to date is 
the Mediterranean mussel (Mytilus galloprovincialis), which is now the most 
abundant species on rocky shores along the entire west and south coasts [10]. 
It has numerous ecological impacts: greatly increasing intertidal biomass, 
providing habitat for many small invertebrates, displacing large limpets and 
providing additional food resources for predatory species like Oystercatchers. 
It also forms the basis of a significant aquaculture industry.

Climate change

The impacts of global warming on the coast include rise in sea level and 
changes in the distributional ranges of species. Increasing sea level is not of 
great consequence to most coastal species, as they can simply move higher up 
on the shore. An exception might occur in KwaZulu-Natal, where many shores 
are sandy above, with rock platforms only on the lower shore. Here, rising sea 
levels could push some upper intertidal species completely off the rock! Of 
more importance are changes in the geographic ranges of species associated 
with changing sea temperature. For example, increased temperatures in 
KwaZulu-Natal might result in an expansion of coral reef habitats, which 
at present only just extend into the country. Surprisingly however, recent 
evidence suggests that coastal water temperatures are declining along much 
of the country (Figure 4.67). This is a result of the unique dynamic upwelling 
system being influenced by shifts in wind and rainfall patterns, a well known 
effect of climate change.
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This is supported by field evidence comparing rocky shore biota in 1986 and 
2007. The study site, False Bay, is located in the transition zone between the 
cold- and warm-temperate marine provinces of South Africa. These data, 
and supporting photographic evidence, show that a warm water species, 
the brown mussel (Perna perna), has declined in density and has actually 
disappeared from many sites altogether, while populations of cold water 
kelps have increased enormously over the same period (Figure 4.68).
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Habitat modification, pollution and disturbance

In some countries, like the Netherlands, stretches of coastline have been 
completely relocated by enormous seawalls or dykes. Nothing of this scale 
has taken place in South Africa, although the construction of harbours, 
marinas, seawalls, railway lines and other structures on the seashore in cities 
such as Cape Town [5] will have displaced some animals. These effects are, 
however, limited to small areas.
Similarly, pipelines discharge increasing volumes of sewage, fish waste or 
industrial effluent into the sea, but are concentrated around a few major 
harbours and estuaries [5], leaving most of the coast unaffected. Disturbance, 
by walking or driving along the shore, diving, approaching whales too 
closely, feeding sharks [12] or simply disturbing nesting birds, can all affect 
the behaviour of target species or even cause mortality in delicate corals or 
birds. The recent ban of driving on beaches has had a significant effect in 
reducing these impacts.

Conclusion

Rocky shores have been most severely impacted by the direct exploitation 
of species such as abalone, rock-lobsters, mussels and coastal fishes, many of 
which have been reduced to a small fraction of their former numbers. The 
removal of such abundant species must also have had dramatic effects on the 
structure of the ecosystem, but these indirect effects have not been adequately 
studied. Introductions of non-native species have also had important effects, 
these being most evident on the west coast. Climate change might result in 
more tropical species extending into KwaZulu-Natal, but in the Cape has 
in fact resulted in a cooling of coastal waters, which has displaced a warmer 
water species and expanded the range of cooler-water forms. The effects of 
habitat modification, pollution and disturbance are restricted to a few sites 
and particularly vulnerable species, such as seabirds that nest along the coast.
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Seabirds
Sentinels of southern Africa’s seas
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Seabirds, which feed near the top of marine food chains, are valuable indicators 
of changes occurring at lower trophic levels, driven by factors such as fishing and 
environmental change. Seabirds also are influenced by direct exploitation, habitat 
degradation, pollution, disease and by-catch mortality. Over the past century 
there have been large changes in the abundance and distribution of seabirds in 
South Africa. This was initially due to exploitation but more recently because 
of factors operating at sea, including reduced availability of food. Although 
competition with fisheries is a significant issue, eastward range expansions by 
several seabirds, including species that do not feed on fished prey, suggest that a 
changing environment is responsible for some recent changes in marine systems.

Introduction

Seabirds breed on land but feed at sea – attributes that make them both 
readily accessible for study and valuable monitors of the health of marine 
environments. Seabirds are wide-ranging predators in marine systems and 
changes in seabird populations reflect changes lower down the marine food 
webs. By monitoring trends in seabird parameters, the health of marine 
systems may be tracked, and the effects of fisheries, marine pollution and 
global change detected. Seabirds may truly be regarded as sentinels of the seas.
Seabirds breed around the southern African coastline, mainly at predator-free 
islands, cliffs and at artificially-constructed guano platforms. To the north of 
southern Africa are long stretches of coastline devoid of suitable breeding 
habitat, so southern Africa’s seabirds are isolated and show a high degree 
of endemism. Of the fifteen seabirds that breed in southern Africa, seven 

species and two subspecies are endemic to the region and breed nowhere 
else. The Benguela upwelling ecosystem along southern Africa’s southwestern 
seaboard provides rich feeding grounds for seabirds. Large aggregations of 
penguins, gannets and cormorants rely on this region, which also attracts 
a wide diversity of non-breeding visitors, mainly from sub-Antarctic and 
Palearctic environments. Farther south, South Africa’s Prince Edward Islands 
provide a breeding platform for massive congregations of seabirds, including 
four penguin species, five albatrosses and fourteen petrels.
The large diversity of seabirds, with ranges varying from local to global, adds 
to their value as indicators of environmental health. However, the news is 
not good. Several species have shown precipitous decreases in abundance 
and seabirds have become one of southern Africa’s most threatened groups 
of marine organisms. Nine of the 15 species that breed on the mainland and 
12 of the 16 that nest above ground at the Prince Edward Islands are classified 
as Threatened or Near Threatened.
Some of the threats facing seabirds are addressed in the following subsections. 
The examples emphasise the value of seabirds as indicators of their 
environment. Monitoring of numbers of seabirds breeding and their diet 
since the 1950s provides one of the few windows into how southern Africa’s 
offshore marine systems have changed over the last half century, independent 
of fish catches. More sensitive indicators of seabird health are now available, 
including estimates of survival, breeding success, body condition and foraging 
effort. Together, these tools make seabirds ideal indicators of the health of 
marine ecosystems.

Early overexploitation 

Most seabirds breed on offshore islands to avoid terrestrial predators, including 
humans. As seafaring skills developed, people started to visit breeding islands 
to collect seabird eggs, chicks and adults. Off southern Africa, seabirds were 
extirpated from Robben Island within a century of the formation of the 
Dutch colony, largely due to direct exploitation. The discovery of guano 
as a valuable fertiliser in the 19th century led to a wild scramble to mine 
accumulated deposits of the ‘white gold’, with massive impacts on seabird 
breeding populations (Figure 4.69). However, the value of guano also helped 
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to protect breeding species from the worst excesses of direct exploitation. 
Only African penguins, whose eggs were collected in vast numbers, were 
hard hit. During the early 20th century up to 300 000 eggs were taken from 
Dassen Island each year, causing the population there to collapse from several 
million birds at the start of the century to only 72 500 pairs by the 1950s. 
Non-breeding seabirds also were affected, with fishers catching thousands of 
albatrosses and petrels at sea for food. Fortunately, seabirds are now protected 
throughout the region, and these practices have largely ceased.
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The by-catch issue

Large numbers of seabirds are killed accidentally when they become entangled 
in fishing gear and drown. High-seas drift nets are especially problematic 
and have been banned worldwide, but unacceptably large numbers of birds 
are killed when they are hooked on long-lines or tangled in trawl gear [1]. 
Species that scavenge from ships, including albatrosses and some petrels, are 
most susceptible to this form of mortality (Figure 4.70).
For most fisheries, a simple suite of preventative measures can greatly 
reduce by-catch of seabirds. Considerable effort has been taken to ensure 
these measures are implemented effectively by fisheries throughout southern 
Africa, and as a result the numbers of birds killed have fallen – but there 
remains room for further improvement.
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Marine pollution

Seabirds, especially African penguins, which do not fly, have been adversely 
affected by oil pollution (Figure 4.71). In 2000, following the sinking of the 
Treasure, almost 20 000 African penguins were oiled off South Africa and 
caught for rehabilitation. About 20 000 more were relocated to unpolluted 
seas to prevent their becoming oiled. More than 3  000 chicks, orphaned 
through the capture of their parents, were caught for captive rearing. In terms 
of numbers of live animals handled, the rescue operation was perhaps the 
largest yet achieved.



���������#��F��#��(���Q����B��(;����(F��?������?�F(���(��Q�F�����(F��?��� 249

*�"����7$4-� �����
��������������"���$��=$8$�B������

�

Oil is not the only pollution issue. Marine litter entangles seabirds and small 
plastic items are eaten by seabirds. Virtually all great shearwaters and blue 
petrels sampled off southern Africa contain some plastic in their stomachs. 
Ingested plastic is retained for weeks or months, reducing the effective 
stomach volume of seabirds and sometimes blocking their digestive tract. 
Other threats include persistent organic pollutants and heavy metals, which 
become concentrated in top predators.

Competition with fishing

Several of southern Africa’s seabirds eat prey species that are the targets of 
commercial fisheries. For example, anchovy and sardine caught by purse-
seine fleets are also the main forage food of African penguins, Cape gannets 
and Cape cormorants. Following huge catches of sardine off Namibia in 
the 1960s, that resource collapsed and fishing precluded its replacement by 

anchovy (Figure 4.72). Subsequently, the numbers of African penguins, Cape 
gannets and Cape cormorants breeding in Namibia decreased by 90%, 95% 
and 62%, respectively. As sardine decreased, its range contracted to the north 
of Namibia, away from island colonies of penguins and gannets centred near 
Lüderitz. Cape cormorants breeding at guano platforms in central Namibia 
were able to exploit the decreasing sardine for longer than the penguins and 
gannets and decreased after these two species.
More recently, fishing pressure concentrated off South Africa’s west coast 
has exacerbated the influence of an eastward shift in the distributions of 
anchovy and sardine to the Agulhas Bank. This has led to a severe mismatch 
in the distributions of the breeding localities and prey of predators, with 
resultant large decreases in numbers of breeding seabirds. Breeding success 
of seabirds decreased as parents worked harder to find food [3] or switched 
from high-quality prey to low-quality trawler discards [4], and adult mortality 
increased  [5]. For species with limited foraging ranges, such as African 
penguins, the impacts were severe, with their populations at islands off the 
west coast decreasing by 70% between 2004 and 2009.
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Climate change

There is increasing evidence that climate change impacts the conservation 
status of southern African seabirds, including altering the abundance or the 
distribution of their prey. In the case of seabirds that feed on fish targeted 
by commercial fisheries, it is hard to disentangle the effects of fishing 
pressure and climate change. For example, climate change is thought to be 
at least partly responsible for the recent eastward shift in the distribution of 
epipelagic fish off South Africa. But for other species, global change effects 
offer the most plausible explanation for changes in their distributions and 
abundance. For example, crowned cormorants and Hartlaub’s gulls, which 
do not feed on commercially-exploited prey, have extended their range to 
the east (Figure 4.73). Bank cormorant numbers have collapsed along much 
of the west coast following decreases in their prey. However, their numbers 
have increased in the south of their range, following increases in rock lobster 
populations in the same region.
Farther south, southern rockhopper penguins leave the Prince Edward Islands 
for six months each year. The weights of adults returning to breed have 
decreased markedly in recent seasons, suggesting a reduced availability of 
food at overwintering feeding grounds (Figure 4.74). This has resulted in a 
poorer breeding success and a large decrease in the number of rockhopper 
penguins, despite only limited human activities in this remote region.

Predation and disease

Seabird populations struggling to cope with human-induced changes 
are further stressed by increases in natural predators and the frequency of 
disease outbreaks. Recovery of Cape fur seal numbers following exploitation 
has resulted in many more seabirds being eaten by seals. At Malgas Island, 
more than half the gannet chicks produced are killed by seals shortly after 
they leave the island. In 2005, a few young bull seals from the burgeoning 
seal population at Bird Island, Lambert’s Bay, entered the gannet colony 
to catch adult birds, causing the entire colony to be deserted. Only drastic 
intervention allowed the colony to be re-established. A large increase in the 
population of white pelicans has impacted seabirds breeding on Dassen Island 
and at colonies around Saldanha Bay, with pelicans eating large proportions 
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of cormorant and gull chicks at these islands. At the same time, repeated 
outbreaks of avian cholera have killed seabirds, especially Cape cormorants.

Resilience to change

Seabirds vary in their ability to respond to changing environments. Many 
species can change their diet and increase their foraging effort to compensate 
for reduced availability of food, but there are limits to this flexibility  [8]. 
Seabirds typically are long-lived species with high adult survival. When 
times are tough, they first reduce their investment in reproduction before 
compromising their survival. However, many species exhibit strong fidelity 
to breeding sites, especially once they are established breeders. This reduces 
their ability to respond to large-scale changes in the distribution of their prey. 
Despite this limitation, there have been long-term trans-boundary shifts in 
the distributions of some seabirds. For example, 80% of Cape gannets bred 
in Namibia in 1956/57, whereas 93% of the population was in South Africa 
in 2005/06. This switch in regional distribution over 50 years closely tracked 
regional trends in the abundance of epipelagic fish (Figure 4.75). However, 
such regional changes in distribution depend on the availability of alternative 
breeding sites in areas with sufficient food for breeding populations. Seabirds 
will struggle to track the recent shift in epipelagic fish to the south coast of 
South Africa because there are no breeding islands between Cape Agulhas and 
Port Elizabeth. The trans-boundary shifts emphasise the need for regional co-
operation in the conservation of southern Africa’s seabirds. 
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MARINE INSHORE ENVIRONMENT  

Causes and effects of changes  
in the distribution of anchovy  

and sardine in shelf waters  
off South Africa
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Anchovy and sardine support South Africa’s largest commercial fishery and are 
also the major prey of a wide variety of fish, seabirds and marine mammals. Both 
of these economically and ecologically important species have shifted eastwards in 
recent years − anchovy abruptly and sardine more gradually. Synchronous changes 
in the environment suggest that the anchovy shift was environmentally mediated, 
whereas the sardine shift may have been environmentally mediated and/or driven 
by anthropogenic forcing through fishing. These changed distribution patterns 
have had significant negative ramifications both for the fishery, and also for the 
ecosystem as a whole.

Introduction

South Africa’s small pelagic fishery that targets anchovy (Engraulis encrasicolus) 
and sardine (Sardinops sagax) is the country’s largest in terms of landed mass, 
with annual average catches of around 400 000 tonnes taken over the past six 
decades [1]. Purse-seine vessels (Figure 4.76a) are used to catch the fish, with 
anchovy being caught predominantly inshore off the west coast, whereas 
sardine are caught farther offshore and along both the west and south coasts 
(Figure  4.76b). Anchovy are processed in industrial factories to fishmeal 
and oil, whilst sardine are canned or frozen for human consumption, pet 
food or bait, or processed to fishmeal. The small pelagic sector employs over 

*�"����7$4�� ��!� �� ��
�"��� �����)������ �����
� ��"�"��� ��� '����"$� �������� *�����"�
8������ �	!� ���8(�� ���� ������"� �������� ���� �������� �������� 	�� �����
�-,��±�-,��	
���!�����������������-354)+,,�$����	�
���>��������������
����
�����"����������>�%����� 
�����"����	��������� ���������$��F���������������
�����������������(�;��9��!�=�����+�

��!

�	!



���������#��F��#��(���Q����B��(;����(F��?������?�F(���(��Q�F�����(F��?��� 253

10 000 people and supports around 100 purse-seine vessels, eight fishmeal 
plants, six canning factories and over 40 bait-packing facilities [2]. In addition 
to their economic importance, anchovy and sardine are also of considerable 
ecological importance as they are the principal prey of many fish, marine 
mammal and seabird species [3]. Since 1983, annual surveys have been used 
to assess changes in the abundance and distribution patterns of both anchovy 
and sardine [4]. In recent years both species have shown an eastward shift 
in their distributions − anchovy abruptly and sardine more gradually. These 
shifts have had a serious impact on the South African small pelagic fishery, 
particularly the sardine fishery, and also on the functioning of the coastal 
pelagic ecosystem off the west coast. This chapter describes the hypothesised 
causes of these shifts and their attendant consequences.

Anchovy

Adult anchovy have shifted their distribution eastward over the past two 
and a half decades, from being located predominantly to the west of Cape 
Agulhas during the early part of the time-series to being predominantly to 
the east of Cape Agulhas [5] (Figure 4.77). This shift occurred abruptly in 
1996 when the anchovy adult population was at its lowest recorded level and 
has persisted since, with two-thirds (on average) of anchovy adults observed 
to the east of Cape Agulhas during subsequent surveys. In order to assess 
whether the anchovy shift was environmentally mediated, an analysis of 
monthly sea surface temperature (SST) data from four sub-regions of the 
Agulhas Bank (Figure 4.78a) collected over the last 25 years was conducted.
That analysis revealed a shift in the environment that occurred in 1996 
and has persisted since. This shift appeared as a sudden cooling of the 
surface water in the coastal region relative to the central mid-shelf part of 
the Bank and resulted in an increased cross-shelf SST gradient between 
coastal and mid-shelf waters. Although there was a gradual increase in SST 
gradient on the western Agulhas Bank (WAB) coastal region (Figure 4.78b), 
surface cooling was limited to the coastal domain east of Cape Agulhas 
(Figures 4.78c and d). Time series of other environmental data in the Agulhas 
Bank region, including surface atmospheric pressure and wind stress, also 
show a mid-1990s shift, but are not described here. That the observed shift in 

cross-shelf SST gradient occurred at the same time as anchovy adults shifted 
their distribution suggests that the anchovy shift was linked to changes in 
the environment. This is supported by the positive relationship between 
cross-shelf SST gradient over the central Agulhas Bank and the percentage 
of the anchovy adult biomass that was located to the east of Cape Agulhas 
(not shown). The cooling of the coastal domain to the east of Cape Agulhas 
was considered to be due to increased coastal upwelling, which would have 
resulted in enhanced productivity and improved feeding conditions for 
anchovy adults in that region compared to west of Cape Agulhas. Hence, 
environmentally driven changes in food availability appear to be responsible 
for the anchovy eastward shift [5].
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Figure 4.79 illustrates the impact of environmental conditions on anchovy 
distribution patterns and shows the observed distribution of anchovy adults 
in 1988 (a year of reduced cross-shelf SST gradient) and in 1998 (a year of 
increased cross-shelf SST gradient). It also shows the distribution of anchovy 
adults during 1983. In that year most of the anchovy biomass was observed to 
the east of Cape Agulhas, and a high cross-shelf SST gradient over the central 
Agulhas Bank (CAB), which was similar in magnitude to values observed 
from 1996 onwards, was also seen. These results show how small pelagic 
fish may respond to climate variability and could prove useful in scenario-
building in order to assess possible impacts of global climate change. The 
anchovy eastward shift is unlikely to have serious impacts on the fishery, given 
that most anchovy are caught as juvenile fish (approximately six months old) 
off the west coast, and recruitment by anchovy to the west coast appears 
unaffected by the eastward shift. From an ecological perspective, however, 
the implications are likely to be more significant, in particular the impacts 
of reduced prey availability for predators off South Africa’s west coast, for 
example, the Cape gannet [6] and African penguin [7].

Sardine

Sardine, too, have shown a substantial eastward shift in their distribution 
(Figure 4.80), although this occurred gradually and not abruptly as is the 
case for anchovy. The area to the west of Cape Agulhas contained the bulk of 
the sardine biomass during the early 1980s and early 1990s [4], with most 
of the sardine population being located on the western Agulhas Bank (WAB) 
for the rest of the 1990s. In the late 1990s, however, sardine biomass east 
of Cape Agulhas exceeded that to the west, and this pattern has persisted 
since [8]. This gradual change in sardine distribution has been accompanied 
by episodic changes in the location of sardine spawning, with shifts between 
predominantly west coast spawning (to the west of Cape Agulhas) and 
predominantly south coast spawning (to the east of Cape Agulhas) being 
observed [1].
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The changed sardine distribution has resulted in a significant spatial 
mismatch between fishing effort and sardine abundance over the past decade. 
The sardine fishery developed on the west coast during the 1940s and fishing 
effort and processing capacity there increased rapidly. At present, almost 
all processing infrastructure is situated on the west coast in the vicinity of 
St  Helena Bay (Figure  4.76), yet the centre of gravity (CoG; essentially 
the weighted average location) of sardine catches has shifted successively 
further east each year since 1997 (Figure 4.81), arising from both a decline 
in catches made off the west coast and an increase in catches made off the 
south coast. This spatial mismatch between the localities of sardine capture 
and sardine processing facilities has resulted in increased costs to the pelagic 
fishery, which is a significant problem in a relatively large volume/low profit 
fishery such as this. For example, during the early and mid-2000s, before the 
establishment of a sardine processing facility on the south coast at Mossel Bay 
(see Figure 4.76), a considerable proportion of sardine caught on the south 
coast was landed at Mossel Bay and then transported by road to the west 
coast processing plants.
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Several hypotheses to explain the change in sardine distribution from 
the WAB to the CAB and EAB have been proposed [8], including: local 
depletion of sardine off the west coast and WAB following higher levels of 
exploitation in the west than in the east; environmentally induced changes 
in adult sardine distribution; and the possibility that juvenile sardine that 
came from successful south coast spawning contributed disproportionately 
more towards sardine recruitment, with fish spawned off the south coast 
dominating the population and exhibiting natal homing (fish returning to 
spawn in the same area that they themselves were spawned). Calculation 
of sardine exploitation levels east and west of Cape Agulhas, namely, the 
total annual catch from that area as a percentage of the biomass in that area 
observed during the survey conducted in the preceding summer, provide 
support for the first hypothesis, as the difference in exploitation between the 
two areas is striking (Figure 4.82). In addition, the sardine eastward shift 
was accompanied by poor recruitment success from 2003 to 2008, with a 
subsequent sharp decline in the sardine biomass from more than 4,5 million 
tonnes in 2002 to less than 400  000  tonnes in 2008. That the sardine 
eastward shift was followed by poor recruitment whilst the anchovy shift was 
not indicates differences between the anchovy and sardine early life histories, 
which are not clearly understood.
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Clear evidence of an environmental trigger that may have initiated the sardine 
shift has not yet been found, although this does not preclude environmental 
variability as a driver of the changed sardine distribution. In 2007 and 2008, 
substantial numbers of sardine eggs were observed to the west of Cape 
Agulhas, suggesting a shift back to west coast spawning following a six-
year period of south coast spawning. Additionally, during the 2008 survey 
over half of the sardine biomass was observed to the west of Cape Agulhas 
(Figure 4.80). The alternation between west and south coast spawning, and 
the move by sardine back to the west coast in 2008, may arise from sardine 
tracking environmental variability and moving to that part of the coast that 
provides the most favourable environmental conditions. Alternatively, these 
changes could be driven by subpopulation-specific life-cycle strategies, such 
as the natal homing described previously.
The sardine eastward shift has had serious ecological consequences in addition 
to the negative impacts felt by the fishery, chief amongst these being the 
negative impacts on predators off the west coast. For example, Cape gannets 
breeding on Malgas Island off the west coast now feed primarily on hake 
discards from demersal trawling operations [6] and not on their normal 
sardine and anchovy prey. The lower energetic content of hake compared to 
pelagic fish has resulted in reduced breeding success and a declining gannet 
population at that colony.
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Conclusions

Populations of both anchovy and sardine have shown eastward shifts in 
their distributions in recent years, with attendant negative impacts on the 
fishery (sardine) and ecosystem functioning (both species) off the west 
coast. The anchovy shift has been attributed to environmental variability, 
whilst anthropogenic forcing through fishing, environmental variability, or a 
combination of the two mechanisms could have caused the sardine shift. An 
improved understanding of how these populations respond to environmental 
variation, and in particular how they are likely to respond to climate change, 
will enable pre-emptive management measures to be taken in order to preserve 
the status of these fish populations, their functioning in the ecosystem and 
the predators that feed upon them.

Acknowledgements

We wish to thank Cathy Boucher (Department of Agriculture, Forestry and 
Fisheries) for redrawing and standardising the illustrations, and to Tracey 
Fairweather (Department of Agriculture, Forestry and Fisheries) for her 
assistance with Figure 4.76b. 

MARINE INSHORE ENVIRONMENT  

Large-scale shifts in the  
spatial distribution of  

West Coast rock lobster  
in South Africa

�WX\V|�;$�;x�_�\x�j

A major shift in the distribution of West Coast rock lobster (Jasus lalandii) from 
the traditional fishing grounds on the west coast to the more southern fishing 
grounds was observed between the late 1980s, early 1990s and at the turn of the 
century. The early 1990s was also the start of a major influx of lobsters into the 
area east of Cape Hangklip, an area not previously associated with high lobster 
abundance. The ecological, fisheries and resource management implications 
of these shifts have been severe and are likely to cause challenges in the future 
management of both rock lobster and abalone (Haliotis midae) resources. The 
temporal coincidence of the shifts in lobster distribution with events such as the 
onset of reduced somatic growth and increased lobster walkouts suggests a linkage 
in the underlying environmental causes or forcing factors, as do congruent changes 
in other components of South Africa’s Western Cape marine ecosystems.

Introduction

West Coast rock lobster, Jasus lalandii, are distributed generally close to shore 
from just north of Walvis Bay in Namibia, to near East London in South 
Africa. Commercial densities are, however, restricted to the west coast from 
around Swakopmund in Namibia to slightly east of Cape Hangklip in South 
Africa. While the earliest records of human exploitation date back some 
10 000 years, commercial exploitation commenced in the late nineteenth 
century and expanded during the early twentieth century. The commercial 
fishery is currently managed through a Total Allowable Catch  (TAC), 
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minimum size limits, closed seasons and defined fishing zones and areas [1]. 
The fishery is valued in excess of R260 million (approximately US$40 million) 
per annum and provides employment for some 4 000 people. Traditionally, 
the lobster fishery was of particular importance to communities on the South 
African west coast who relied heavily on the seasonal employment provided. 
This species also supports an active recreational fishery, which is governed by 
an annual permit requirement, a minimum size limit, closed seasons, gear 
restrictions and closed areas. The commercial fishery is currently divided into 
distinct nearshore and offshore components, with the split in TAC between 
these components being based on resource availability.

Changing geographical distribution

A clear shift in regional resource availability is evident when examining the 
commercial catches made in the various fishing zones since the late 1960s [2]. 
The lobster resource, based on the biological considerations such as the timing 
of the moult and reproductive cycles, can be divided into two broad regions: 
a typical west coast environment (Orange River to just north of Dassen 
Island) and the more southern component of the fishery (from around Hout 
Bay to Gansbaai). The fishing area around Dassen Island separates these 
regions (Figure 4.83). The relative contribution of these regions to the overall 
annual commercial landings (Figure 4.84) clearly illustrates a major shift in 
spatial resource availability between the late 1980s/early 1990s and the turn 
of the century, the start of a period of relative stability. Over that period the 
contribution of the west coast region to total lobster landings declined from 
about 60% to less than 10%, whereas that of the southern region increased 
from around 18% to around 60%. The relative contribution of the Dassen 
Island area declined slightly during the 1990s but increased to around 30%. 
This area has remained stable at that level since 2000.
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The period between the late 1980s/early 1990s through to the end of the 
century was also marked by a sharp decline in lobster somatic growth rates [3] 
and a major increase in the number and severity of lobster ‘walkouts’ in the 
Elands Bay region (Figure 4.85) [4]. The decline in the contribution of the 
west coast region to total lobster landings during the 1990s is most likely 
a combination of reduced somatic growth rates, the loss of a considerable 
biomass during lobster walkouts and the slow rate of resource recovery in 
these areas since then, rather than a significant increase in lobster abundance 
in the southern grounds.
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Implications of regional shift

This change in resource distribution has had major implications for the 
lobster fishery and the fishing community. The lobster fishery on the west 
coast is now almost exclusively (>99%) a nearshore hoopnet fishery. The loss 
of jobs in lobster processing facilities, coupled with the reduced numbers 
of long-term rights that could be allocated in these areas to ensure resource 

sustainability, has resulted in substantial economic hardship for the west coast 
communities. This has been exacerbated by the job losses associated with an 
eastward shift in the pelagic resources [5]. While the highly dynamic nature 
of the west coast environment makes the assessment of any ecosystem effects 
of this resource shift difficult to identify, the decrease in lobster along the 
west coast has had a significant impact on the number of breeding pairs of 
Bank cormorants, Phalacrocorax neglectus, on islands along the west coast [6]. 
This species has a high proportion of lobster in their diet.
The large-scale shift in lobster commercial catch distribution was accompanied 
by a marked influx of lobsters into the area east of Cape Hangklip (EOCH), 
an area that has been the mainstay of a lucrative fishery for South African 
abalone, Haliotis midae, since 1949. The numbers of West Coast rock lobster 
in the nearshore (<30m) regions EOCH prior to the 1990s were negligible [7]. 
Observations of an increase in the abundance of lobster in this area were first 
noted during abalone recruitment surveys conducted in the early 1990s [8]. 
These observations were corroborated by recreational fishery catch data over 
that period and confirmed and quantified by a number of directed field 
surveys (mostly hoopnet and diving) during the period 1996 to 1999 [9]. 
As juvenile abalone derive protection from predation by actively sheltering 
under sea urchin spines, the presence of urchins is considered important 
to the successful recruitment of juvenile abalone to the commercial fishery. 
The influx of lobster, a key benthic predator, has had a profound effect on 
the benthic ecology of the area EOCH, the most obvious being the virtual 
disappearance of sea urchins (Figure  4.86) and the winkle, Turbo cidaris, 
as well as a major increase in foliar algal abundance [9]. The decrease in 
abalone recruitment, together with rampant illegal harvesting, has had a 
severe impact on the commercial and recreational fisheries for abalone. The 
recreational fishery for this species was suspended in 2003 and two formally 
productive abalone zones were closed to commercial harvesting in 2006. 
The increased lobster abundance in the area EOCH did, however, result in 
the introduction of a commercial lobster fishery in that area in 2001/2002. 
A continuation of the eastward movement of lobster is not supported by 
the lobster commercial fishery data from the area EOCH or the results of 
directed inshore Fisheries Monitoring Surveys conducted both in that area 
and to the west of Danger Point.
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Causes

Adult lobsters do not undertake distinct longshore migrations, but do 
undergo a well-defined seasonal migration towards and away from shore. 
The hypothesis that an onshore movement from deeper waters was the most 
likely source of the lobsters moving into EOCH is supported by the size 
composition (mainly adults) of lobsters observed during the early phase of the 
influx. Settlement of post-larval lobsters into the area only became a regular 
event after a substantial adult population had been established. Whereas the 
mechanism of the lobster influx can be argued with some confidence, the 
underlying reason why this happened is unclear. The hypothesis that the 
habitat EOCH became favourable to lobster occupation in the early 1990s 
is difficult to quantify given the paucity of long-term environmental data 
in the nearshore areas EOCH. The obvious success of the lobster moving 
into the area, indicated by good somatic growth, enhanced reproduction and 
successful post-larval recruitment, negates the theory that the lobster were 
forced into a suboptimal habitat by intraspecific competition or any other 
factor.

Conclusions

The temporal coincidence of the shift in lobster distribution with a coastwide 
decrease in somatic growth rates and a major increase in the number and 
severity of low-oxygen induced walkouts suggests some linkage in the 
underlying environmental cause, but this remains poorly understood. 
Whereas these events have not occurred in isolation (the 1990s being a 
period of an eastward shift in pelagic resources), the linkage between the 
changes in the pelagic and benthic systems, if any, remains unknown. The 
ecological, fisheries and resource management implications of these shifts 
in distribution of the West Coast rock lobster resource have been severe. 
However, the question whether these shifts are permanent, or part of some 
decadal/multidecadal cycle, remains unanswered. The impacts of these 
changes are likely to cause further major challenges in the future management 
of both the rock lobster and abalone resources.
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Introduction
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In essence, climate change is nothing new. The climate system of the world 
has been changing on temporal scales of decades, millennia and millions of 
years. However, natural processes, some of which we still do not understand, 
have driven previous climate change.
By contrast, current climate change may be largely human driven and may 
be happening at a rate not recorded in the accessible history of changes of the 
planet. This rapid change carries potentially huge and previously unknown 
risks, since ecosystems, both on land and in the sea, may not be able to 
adjust swiftly enough to ensure survival. But this threat also holds for human 
society. Sea level may, for instance, start to rise more rapidly than coastal 
communities can cope with and towns and parts of the coastline may well 
have to be abandoned. This scenario is not too imaginary or far-fetched. 
In Britain, policy makers have already decided that, on a cost-benefit ratio, 
certain habitations near the coast where coastal erosion is very severe will 
have to be abandoned. It is just too expensive to put structures in place to 
prevent future erosion in order to save only a few properties. But how does 
this threatening climate work?
The climate system of the planet consists of a large number of strongly linked 
and interactive systems including the atmosphere, the ocean, the cryosphere 
(all ice, such as the cover of the poles), the hydrosphere on land and the 
biosphere (consisting of all ecosystems, both terrestrial and marine). The 
complex linkages and interplay between these is not perfectly understood. 
Huge numerical models on supercomputers are attempting to unravel some 
of these intricate relationships, but this has only just started.

Of all the different global components of climate, the oceanic component 
is one of the least understood. No long records of changes are available for 
this part of the system. Furthermore, numerous regions of the ocean are 
relatively inaccessible and underexplored. There are many automated systems 
currently observing the ocean internally and from space and gradually this 
ignorance of the oceans will be whittled away. However, this process will take 
a long time.
Why is knowledge of the ocean important in order to understand global 
climate change and how it affects southern Africa? Southern Africa forms 
a small wedge of land sticking into the vast ocean region consisting of the 
South Atlantic, the South Indian and the Southern Ocean. We can, therefore, 
confidently expect that the ocean environment will play a definitive role in 
the climate – and climate change − of the subcontinent.
The chapters that follow provide a glimpse of the oceanic changes and some 
of their impacts. 
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The southern African oceans
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Climate is controlled by the atmosphere and by the oceans. Of these two, the ocean 
is the least understood. South Africa is located at the junction of the Southern, 
Indian and Atlantic Oceans, with each of these oceans having its own unique 
flow characteristics. The processes that occur in these oceans not only influence the 
climate of southern Africa, but have an effect on global climate as well. Records 
of sea surface temperatures and sea level height show that these oceans are already 
reacting to climatic changes. In order to properly prepare for the impact of climate 
change, we need to substantially increase our knowledge of the ocean processes 
around South Africa.

Introduction

A number of factors influence global climate, with arguably the most 
important of these being the circulation of the atmosphere and that of the 
ocean. These two circulation systems are inextricably linked. The global 
atmospheric systems are large, move rapidly and carry comparatively little 
heat. By contrast, oceanic systems, such as currents and eddies, or ocean 
vortices, have smaller dimensions and move slower, but carry enormous 
amounts of heat. It is this heat contents of the covering of the planet that has 
the greatest immediate impact on regional climate. It is, therefore, clear that 
studying one circulation system to the exclusion of the other will severely 
limit our ability to understand climate and climate change.
The atmosphere is readily available for observation, and as such, this system 
has seen the most and the most durable set of observations. By contrast, the 
ocean is logistically difficult to get at. To date, most observations of the ocean 
have been done using either commercial or research vessels. Commercial 
vessels ply set routes between harbours and so do not present good geographic 
coverage. On the other hand, research vessels, which are very expensive, tend 
to go to specifically-targeted regions where we think we can learn important 

things about the ocean. The advent of satellite remote sensing in the 1970s 
has made an enormous difference to our ocean observation efforts. Regular 
coverage of the global ocean to observe sea surface temperatures has been 
followed by similar observations of ocean colour. However, even these 
revolutionary changes to ocean observations have their distinct limitations. 
Satellite remote sensors only observe the sea surface whereas the ocean is 
about 4 000 m deep on average. But the use of profiling floats is helping to 
overcome this limitation. Profiling floats are instrumented buoys that can dive 
to great depths, making measurements en route. They then return to the sea 
surface and telemeter this information to the interested parties by satellites. 
These floats are indispensible in oceanography and give to the science what 
meteorologist have had for decades in radiosondes, which are used to profile 
the atmosphere. These are significant developments in the monitoring of the 
ocean, but the records we have gained so far are of very short duration. Let’s 
now find out more about the ocean circulation near southern Africa.

The ocean circulation around southern Africa

South Africa lies at the intersection of three major oceans: the Indian Ocean 
to the east, the Atlantic Ocean to the west and the Southern Ocean to the 
south. Each of these oceans has its own characteristic ocean circulation and 
in the region south of the continent these circulations interact in a dynamic 
and important way.
The circulation in the South-West Indian Ocean is typical of that of a 
subtropical ocean basin. The prevailing winds drive the waters in an anti-
clockwise gyre that extends all the way from Africa to Australia. However, 
this gyre is not symmetrical, but is strongly concentrated on the western 
side of the ocean basin. The result of this concentration is that a major and 
intense current, the Agulhas Current, is found along the eastern seaboard 
of South Africa. This current is about 100 km wide, extends to depths of 
3 000 m or more and carries about 65 million cubic metres of water per 
second! Water from the whole South Indian Ocean, including water from 
the tropics, is funnelled into the Agulhas Current. This water can be readily 
seen in satellite images of the sea surface temperatures and is warm compared 
to adjacent waters (Figure 4.87).
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On the other side of southern Africa, the main current, the Benguela Current, 
also forms part of the wind-driven, subtropical gyre, this time of the South 
Atlantic Ocean. However, the Benguela Current, lying on the eastern side of 
this ocean basin, is a wide, shallow and slow equatorward drift. Its waters come 
largely from colder climes and hence it is a cold current. This cold current 
should not be confused with the wind-driven, coastal upwelling that is found 
along the southwest coast of the subcontinent. When the dominant winds 
blow the waters in the surface layer of the ocean away from land, cold deeper 
water upwells to take its place. This upwelling water is rich in all kinds of 
nutrients and leads to a bloom in marine algae, called phytoplankton. It thus 
lays the basis for a whole ecosystem and a very productive and remunerative 
fishing industry.

To the south of Africa lies the vast Southern Ocean, which extends all the 
way to the continent of Antarctica. In this ocean the Antarctic Circumpolar 
Current carries water past the tip of Africa from west to east. The northern 
border of the Southern Ocean, which separates it from the subtropical 
gyres of the South Atlantic and the South Indian Oceans, is the Subtropical 
Convergence (vide Figure 4.87). This ocean front exhibits very high gradients 
in temperature and salinity from north to south. Although all the water in 
the Southern Ocean south of Africa moves from west to east, its direction is 
influenced locally by bottom ridges and other obstructions that may cause it 
to meander, shed eddies or avoid certain shallow regions.
Directly south of Africa these three circulations interact in a dramatic fashion. 
The mighty Agulhas Current turns in its tracks at the Agulhas Retroflection 
(Figure 4.88) and flows back into the Indian Ocean as the Agulhas Return 
Current. In this process it sheds huge eddies, called Agulhas Rings, with 
diameters of up to 300  km and extending all the way to the sea floor at 
4 000 m. These Rings then are carried by the Benguela Current into the 
centre of the South Atlantic Ocean. The impact of the Agulhas Retroflection 
forces the Subtropical Convergence to the south and the warm water of 
the Agulhas Return Current enhances the temperature gradients across the 
Subtropical Convergence. Apart from this interaction, these currents and 
ocean circulations have an impact on local weather and climate.

Climatological influence of southern African oceans

Ocean currents and water masses largely determine the weather and climate 
of the continents and South Africa is no exception. The warm Agulhas 
Current on the eastern side of the subcontinent causes KwaZulu-Natal to 
be warm and moist (Figure 4.89), whereas the west coast is much cooler. 
Furthermore, these respective ocean conditions affect the rainfall over the 
adjacent landmasses. Air moving over the Agulhas Current picks up heat 
and moisture that enhances rainfall when this water mass moves over land. 
Similarly, the disruption of the cold upwelling regime on the west coast by 
the occasional overflow of warm water from the north, the so-called Benguela 
Niño, has also been shown to affect local rainfall. However, adjacent seas also 
have a wide-ranging influence.
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The surface temperatures of the ocean expanses are not constant. As can be 
expected, they show seasonal changes. They also show changes from year to 
year, with certain parts of the ocean surface being warmer during certain 
years and some parts being cooler than usual. Such changes have a definite 
effect on the overlying atmosphere. A wealth of research has shown how such 
changes may affect the rainfall over southern Africa. In addition, the current 
processes near southern African shores have a decided influence on global 
climate and climate change. The water of the Agulhas Current is warm and 
salty and the Agulhas Rings that are shed at the southern termination of the 
Agulhas Current carry enormous amounts of heat and extra salt into the 
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South Atlantic. This heat spreads slowly over the South Atlantic to the North 
Atlantic, eventually influencing even the climate of Europe. Climate models 
have demonstrated that changes in the flow from the Agulhas Current into 
the South Atlantic have major effects on climate conditions in the northern 
hemisphere.
In short, changes in the oceans around southern Africa have short-term 
effects on the climate of southern Africa, including rainfall, but also long-
term effect on local as well as global climate. But are such changes actually 
occurring?

Changes in the ocean

Ocean currents around South Africa have been monitored accurately and in 
detail only since the 1970s when satellite monitoring became possible. It is 
too soon to assess long-term changes. There are, however, some intriguing 
signs wherever longer-term observations have been made.
At Marion Island, the southernmost territory of South Africa, about 2 000 km 
southeast of Cape Town, sea surface temperatures have been measured on a 
daily basis over the past 50 years. A careful statistical analysis has shown that 
the temperature there has increased by 1,4 ºC over the period of observations. 
It has been inferred that this climatic change is not due to global warming, 
but is a result of changes in the ozone, also induced by human activity.
Another ocean variable that has been observed on a regular basis for a long 
time, even in South Africa with its relatively short history, is sea level. These 
observations have been done because shipping needs to know about tides. 
However, when the tidal and other signals are removed from the record, one 
can notice a long-term increase in sea level of about 2 mm per year. This 
means that the oceans are warming up and expanding, and since the ocean 
basins (in which the seawater lies) are not growing, the water has to rise. 
Water from snow and glaciers that are melting worldwide exacerbates this 
rise in sea level due to ocean warming. At Marion Island, many areas that 
used to have snow cover year round are now free of snow.

Preventive measures or, what can be done

The exact effect of the warming of the ocean on South Africa’s weather and 
climate is not yet certain. That there is going to be an effect can readily 
be seen at Marion Island where the vegetation is changing due to climate 
change, where the locations of certain ecosystems are in flux and where alien 
species are more invasive than before.
So what preventative measures can we take to counteract the effects of ocean 
warming? Firstly, efforts should be aimed at increasing our understanding 
of the changes in the ocean currents and surface temperatures that can be 
expected. This can be achieved with appropriate sophisticated modelling and 
by studying how the oceans have changed in the past. However, many of the 
most elementary mechanisms that play a role in the oceans’ ameliorating 
effect on climate change are still not perfectly understood. Without proper 
knowledge of the ocean systems, much of our prognostication is going to 
remain in the realm of speculation.
Second, it is clear that where long records of regular observations have 
been kept, much was learned about climate changes and how the terrestrial 
environment reacted to such changes. Wider networks of observation 
locations, aimed at persistent and long-term monitoring, will be a boon to 
understanding how the inevitably growing effects of global climate change is 
going to affect South Africa.
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On the recent warming of  
the Agulhas Current
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The Agulhas Current is an energetic current driven by the wind field over the 
Indian Ocean. It has a profound effect on the climate and the coastal ecosystem 
of South Africa and plays a key role in the global ocean circulation. The current 
carries warm and salty water from the tropics polewards and controls the exchange 
of heat and salt between the Indian and Atlantic Oceans. Since the 1980s, the 
sea surface temperature of the Agulhas Current system has increased significantly. 
This is due to an increase of its transport in response to an augmentation in 
wind stress curl in the South Indian Ocean. This causes an intensification of the 
Agulhas Current system and leads to an increased flux of salt and heat into the 
Atlantic Ocean. There is also an augmentation in the transfer of energy from the 
Agulhas Current to the atmosphere due to increased evaporation. These observed 
changes could have far-reaching consequences over and above their potential 
regional impacts on ecosystems and climate. 

Introduction

The Agulhas Current (Figure 4.90) flows along the east coast of South Africa 
before moving offshore near latitude 34°S and subsequently retroflecting back 
into the mid-latitude South West Indian Ocean. It creates a coastal dynamic 
upwelling in the vicinity of Port Alfred and Port Elizabeth bringing nutrient 
rich water to the surface [1, 2]. High evaporation rates and associated turbulent 
latent and sensible heat fluxes occur above the Agulhas Current throughout the 
year due to an important sea surface temperature contrast between the Agulhas 

Current and its surroundings. Measurements in the Agulhas Current have 
shown substantial transfers of water vapour in the marine boundary layer, a 
deepening of the marine boundary layer due to intense mixing, and unstable 
atmospheric stability created by the advection of colder and drier air above 
the current [1,  2]. The intensity of mixing in the local boundary layer is 
such that cloud lines can often be observed above the current [3]. Rouault 
et al. [4] have provided evidence of the influence of the Agulhas Current on 
the evolution of a severe convective storm over southern South Africa. That 
particular storm, in December 1998, led to severe flooding and a tornado in 
Umtata that nearly killed President Nelson Mandela when the winds in the 
town caused a building to collapse. On the global scale, Agulhas water leakage 
around South Africa controls the exchange of heat and salt between the Indian 
and Atlantic Oceans and has a role in the Atlantic meridional overturning 
circulation [5].
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Changes in mean sea surface temperatures

Figure 4.92 (also obtained using 4 × 4 km resolution AVHRR SST) shows 
the linear trend in sea surface temperature from 1985 to 2007. The most 
important change is found in the Agulhas Current system, which has 
warmed by up to 1,5 °C since the 1980s. Rouault et al. [8] have shown that 
this warming was due to an intensification of the Agulhas Current system 
in response to an increase in trade wind and a poleward shift in the westerly 
wind in the South Indian Ocean leading to an overall increase in wind stress 
curl at relevant latitude. A numerical model that reproduces the observed 
SST relatively well showed that the transport of the Agulhas Current system 
had increased since the 1980s leading to the observed warming. This also led 
to substantial increase in evaporation rate of up to 1 mm per day per decade 
in the Agulhas Current system and a 50% increase in the leakage of Agulhas 
water into the South Atlantic. A cooling of up to 0,5 °C per decade occurs at 
the west coast. Another cooling occurs in the dynamic upwelling cell of Port 
Alfred and Port Elizabeth where it seems to spread into the Agulhas Current 
itself and to the west. Cold water seems to have propagated offshore and 
eastward from the Port Alfred dynamic upwelling cell. Upwelling favorable 
wind could have contributed to the cooling but an intensification of the 
Agulhas Current and concurrent intensifying of the dynamic upwelling 
could be the principal reason of the cooling in that region. The cooling in the 
west of the country, from Cape Agulhas to the Namibian border, is due to an 
increased southerly wind. The west coast cooling occurs mostly in autumn 
and winter  [8]. The greatest warming is evident in the Agulhas Current 
system and the Transkei at all months of the year. 
The origin of the cooling trends for the west and south coasts is found in 
an examination of the linear trend in European Center for Medium Range 
Weather Forecasts and National Centers for Environmental Prediction 
reanalysed surface wind speed in the region from 1982 to 2007 [8]. It shows 
that surface wind speed increased in the Southern Atlantic and Indian 
subtropics. This increased the wind stress curl in the South Indian Ocean and 
it is at the origin of the intensification of the Agulhas Current system [8]. 

Mean sea surface temperatures

Figure  4.91, an image obtained using 4  ×  4  km resolution Advanced 
Very High Resolution Radar Sea Surface Temperature imagery (AVHRR 
SST) [6], shows the 1985-2007 mean sea surface temperature around South 
Africa. The mean absolute geostrophic ocean current vector derived from 
merged altimetry [7] is superimposed on the image, which shows the major 
elements of the Agulhas Current system. The main loop is found south of the 
continent. The Retroflection is located in the domain delimited by 10°E to 
20°E and 37°S to 42°S. Eddies shed from the Agulhas Current can be found as 
far as latitude 50°S but most of them are usually formed in the Retroflection 
and move northwestwards towards Brazil. The Agulhas Return Current flows 
eastwards and meanders from 37°S to 42°S. A coastal upwelling of cold water 
is evident from Cape Agulhas to Namibia and is the result of strong seasonal 
southerly wind. This is in contrast to the Port Alfred upwelling cell that is 
triggered by the Agulhas Current itself. Sporadic wind-driven upwelling also 
occurs to the east of Cape Agulhas.
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The observed change in sea level pressure and wind speed is consistent with 
a poleward shift of the westerly wind in the Southern Hemisphere and an 
increase of the South Atlantic and South Indian Ocean high pressure systems 
due to intensification of the Hadley circulation and a trend towards a positive 
phase of the Antarctic Oscillation. 
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Conclusion

In conclusion, it seems that the most important changes to the climate and 
coastal ecosystem in the region is an intensification of the Agulhas Current 
system since the 1980s. This caused a warming of the Agulhas Current 
system and a cooling of the Port Alfred upwelling cell. The west and south 
coast presents a cooling pattern from April to August. All those changes 
seem to have been triggered by an intensification of the high pressure system 
in the South Atlantic and South Indian Ocean and a poleward shift of the 
westerly system.
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MARINE OFFSHORE ENVIRONMENT  

Climate change and variability 
in southern Africa and regional 

ocean influences
;z\^k�w$;$�FV`kxW 
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Just as the atmosphere exhibits weather and climate variability on a broad range 
of time scales, so does the ocean. This chapter briefly reviews those natural modes of 
climate variability that are known to impact on South Africa’s climate and hence 
on its marine and terrestrial ecosystems. We will see how recent severe flooding 
and drought events in South Africa are strongly influenced by these climate 
modes. Such variability can arise in the Pacific Ocean (the El Niño Southern 
Oscillation), the Southern Ocean (Southern Annular Mode), the Indian Ocean 
(tropical and subtropical dipole modes) and the Atlantic Ocean (Benguela 
Niños). Improved long-term monitoring of those ocean regions that impact on 
South Africa will help to disentangle natural variability and human induced 
change and allow us to better understand, model and predict the climate.

Introduction

Most of us are used to weather, or the state of the atmosphere at any given 
instant, changing throughout the day and from one day to the next. Yet 
people often speak of the climate of a region as if it were constant. Thus, we 
might say that the winter climate of South Africa tends to be cool and wet 
in the southwest but sunny and mild in Limpopo. However, the climate 
of the region is just the average of the weather observed for each hour but 
calculated over many years (typically 30 years) to try to smooth out daily 
or weekly changes. If we try to remember whether winter in Cape Town in 
2008 was similar to that which we experienced in 2007, we would probably 
agree that some months were wetter or cooler than the year before. Similarly, 
if we talk to farmers, we might hear them say that summers in the late 1980s 



���������#��F��#��(���Q����B��(;����(F��?������?�F(����**�Q�F�����(F��?��� 271

*�"����7$36� �����������������������������������"�������$��-���

The El Niño Southern Oscillation
The El Niño Southern Oscillation (ENSO) is the largest type of natural 
variability influencing the oceans. ENSO is a ‘remote influence’ on our 
weather and climate since it originates in the tropical Pacific. In general, 
during the summer of a positive ENSO (El Niño) event the tropical Indian 
Ocean warms, the mid-latitude Indian Ocean cools, the central South 
Atlantic warms, the mid-latitude South Atlantic cools, the subtropical jet 
moves north and South Africa is mainly dry. Roughly the reverse patterns 
occur during a cold ENSO (La Niña) event. Rouault and Richard [1,  2] 
have shown that the worst drought in Southern Africa happened during an 
El Niño and conversely the worst wet period during a La Niña. However, the 
interaction of this natural variability with climate change, such as the Indian 

to mid-1990s seemed drier in the northern part of the country than during 
2000-2009. Thus, we get a sense that the climate of a region might vary 
from one year to the next or from one decade to the next. In fact, existing 
information about the Earth’s state shows us that the climate of the Earth 
and of any given region varies on all sorts of time scales, from a few years 
to a few centuries and longer. These variations are collectively referred to as 
natural climate variability and may result from instabilities in the coupled 
ocean-atmosphere system (such as the El  Niño Southern Oscillation), 
variations in solar output, volcanic eruptions and other natural processes. If 
the forcing is particularly strong and global in reach, such as changes in the 
characteristics of the orbit of the Earth around the Sun, then the resulting 
impacts may profoundly alter the fundamentals of the Earth’s climate over 
many thousands of years and then a natural climate change occurs, such as 
an ice age or an interglacial epoch.
Superimposed on such natural climate variability and change are the impacts 
of humans on the global climate system. These human-induced impacts 
include increased emissions of greenhouse gases through industrial or 
transport systems or through intensive agriculture, replacement of natural 
vegetation by crops or plantations, and the building of large cities. The 
challenge facing climate scientists is to try to determine what impacts of these 
human activities might have on our climate, how they can be distinguished 
from natural climate variability and whether these two factors might interact 
in such a way as to noticeably exaggerate or weaken their individual impacts. 
Without properly understanding natural climate variability, it is impossible to 
be confident about projected changes in the Earth’s climate over the next few 
decades and centuries in response to increased greenhouse gas emissions.

Modes of climatic variability in southern Africa

South Africa is situated near the meeting place of three oceans: the South 
Indian Ocean on the east coast, the South Atlantic on the west coast and 
the Southern Ocean to the south. These three oceans play a vital role in 
determining southern Africa’s climate and weather patterns and are key 
drivers of the global climate. Figure 4.93 shows the main types of variability 
that occur in the oceans surrounding South Africa. 
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strongly on fisheries in the Benguela upwelling system as well as on rainfall 
over Angola and Namibia. It is not clear how this important upwelling 
regime will be impacted under climate change. Due to its importance for 
the economies and biodiversity of South Africa, Namibia and Angola, it is 
essential that we are able to monitor variability and change off the west coast 
of southern Africa, and in particular to better understand and potentially 
predict natural events such as Benguela Niños and low oxygen events.
South of Africa, where the South Indian and South Atlantic Oceans meet, is an 
extremely variable region, which has been termed the ‘Cape Cauldron’ [11]. 
Here, large ‘Agulhas Rings’ leave the Indian Ocean, taking heat and salt into 
the Atlantic. Any changes in this region influence not only South Africa’s 
weather and climate patterns but also that as far afield as northern Europe. In 
fact, most of South Africa’s severe flooding events have occurred due to cut-
off lows strengthening over the southern Agulhas current [12]. The situation 
south of South Africa is further complicated by influences coming from as far 
away as the tropical Indian and Pacific Oceans, which travel across the Indian 
Ocean and southwards as perturbations in the Agulhas Current eventually 
causing large disturbances in the cauldron. 

The Southern Annular Mode
Further south, in the Southern Ocean, the Southern Annular Mode (SAM), 
or Antarctic Oscillation, is the main form of natural variability. Studies of the 
relationships between the SAM, the South Atlantic and Indian Oceans and 
South African rainfall variability show that when the SAM is in its negative 
phase, winters over western South Africa tend to be wetter [13]. It has also 
been found that reduced sea-ice extent in the Antarctic due south of South 
Africa and increased sea-ice extent further west near the Antarctic Peninsula 
is associated with more winter rainfall [14]. Analysis of observations and 
computer model experiments have indicated that wetter or drier winters 
are also influenced by certain SST patterns in the subtropical to mid-
latitude South Atlantic [15]. These patterns, combined with the influence 
of ENSO and other modes of variability in the southern oceans, point to a 
complex interplay of factors that can influence the weather and climate over 
South Africa. 

Ocean warming since the 1970s, has led to drought becoming more intense 
and widespread during El Niño events [3, 4]. This highlights the complex 
interactions between natural variability and climate change.
La Niña events tend to follow El Niños and the whole cycle of ENSO occurs 
approximately every four to seven years. However, our ability to predict the 
impact of these events is not perfect as these events often coincide with other 
natural variability in the ocean, confusing the signal. An example in the 
tropical Indian Ocean is the Indian Ocean dipole (IOD) (or zonal mode). 
This is a coupled ocean-atmosphere phenomenon occurring every few years 
that generates in this ocean typically during June or July and dissipates by 
November or December. During ‘positive’ events, the dipole consists of 
cooler sea surface temperatures (SSTs) in the southeast tropical Indian Ocean 
and warmer waters in the west. These changes in the sea temperature lead 
to a shift in the normal convection, with heavy rainfall over equatorial east 
Africa and droughts over the Indonesian region. The negative phase of the 
IOD brings about the opposite conditions, with warmer water and greater 
precipitation in the eastern Indian Ocean and cooler and drier conditions 
in the west  [5]. At higher latitudes, sea surface temperature dipole events 
can also occur every few years in the subtropics to mid-latitudes of both 
the South Indian and South Atlantic oceans during summer. Positive events 
consist of warmer SSTs in the NE South Indian Ocean and cooler SSTs in 
the SW, and similarly in the South Atlantic, resulting in reduced rainfall over 
southern Africa during the Southern Hemisphere summer [6, 7, 8]. 
These dipole events often coincide with ENSO events and the relationship 
between them is not clear. It is further evident that the characteristics of 
these modes of variability are changing with time, thus the addition of 
anthropogenic climate change makes the situation much more difficult to 
disentangle and predict. 

The ‘Benguela Niño’
Another influential form of variability in the South Atlantic is the ‘Benguela 
Niño’ [9, 10], in which the usual cold upwelled water along the coasts of 
southern Angola and northern Namibia is replaced by anomalously warm 
water every few years during late summer and autumn. These events impact 
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Conclusion

Variability in either of the two major oceanographic regions along our 
coastline – the Agulhas Current and the Benguela Current − as well as the 
Southern Ocean, can impact on our every day lives, yet little is understood 
about their natural variability. Thus, disentangling the impacts of climate 
change in these regions is essential. We need to gain a better understanding 
of how this natural variability modulates the regional rainfall as it has major 
implications for forecasting, and hence for water and agriculture. Improved 
in situ monitoring, remote sensing and ocean modelling will help us to begin 
to understand these natural variations and how they are changing over time. 
As our understanding of the importance of the oceans grows, it is becoming 
more and more vital that better monitoring programmes are put in place.

MARINE OFFSHORE ENVIRONMENT  

The impacts of ocean  
acidification on a keystone 

Southern Ocean species
�^q��$�/V\W`\X

It has been predicted that by the year 2050 certain regions of the Southern Ocean 
will experience severe ocean acidification. Such a change in ocean chemistry will 
have extremely negative implications on the pelagic ecosystem. The shell-forming 
pelagic snails (pteropods), which are such integral members of the Southern Ocean 
ecosystem, will most likely disappear from the region. Furthermore, the important 
role that these organisms play in transferring carbon from the surface waters 
through the food chain and to the ocean depths will be detrimentally affected.

What is ocean acidification?

For around 400 000 years prior to the industrial revolution, carbon dioxide 
(CO2) levels in the Earth’s atmosphere remained relatively constant at around 
200 parts per million (ppm). The industrial revolution saw vast quantities 
of CO2 being emitted into the atmosphere, increasing concentrations to 
present levels of 380 ppm [1]. CO2 is a major greenhouse gas and contributes 
significantly to global warming. The ocean plays a fundamental role in 
regulating atmospheric CO2 and helps to moderate the effects of climate 
change by taking up atmospheric CO2. Around 30% of total atmospheric 
CO2 has been absorbed by the world’s oceans over the last few decades [2]. 
This has important implications for reducing global warming, but with this 
comes the extremely negative effect of increased ocean acidity. As CO2 is 
dissolved in the surface of the ocean various chemical processes take place 
resulting in the pH (the acidity/alkalinity) of the seawater becoming lower, 
or more acidic [3]. An increase in acidity will cause the exoskeletons or shells 
(made up of calcium carbonate) of certain marine organisms to dissolve. If 
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the business-as-usual approach to CO2 emissions (IS92a emissions scenario) 
is followed, changes in ocean pH  levels may occur that far exceed any 
experienced in the past 300 million years [4]. It is important to point out, 
though, that although ocean pH is decreasing, the oceans are not actually 
becoming acidic, rather they are becoming less alkaline.

How will changes in ocean pH affect marine  
calcifying organisms?

The surface waters of the Southern Ocean are likely to be affected by ocean 
acidification within the next 50  years  [3]. This means that any Southern 
Ocean marine organism that takes up calcium carbonate to create its shell or 
exoskeleton could potentially be removed from the ecosystem. In the Southern 
Ocean, the shelled pelagic snails (called pteropods or sea butterflies) are likely 
to be negatively affected by ocean acidification [1, 3, 5] (Figure 4.95). Recent 
studies show that within 48  hours, the shells of living pteropods dissolve 
in seawater with reduced pH  [1,  3]. The prognosis does not look good 
for pteropods. These animals are unlikely to survive the rapid changes in 
ocean pH that will occur in the Southern Ocean by 2050  [3]. The most 
probable scenario is that pteropods will disappear from the Southern Ocean, 
either shifting northwards into less acidic waters, or dying off altogether. 
The implications are likely to be far-reaching and would affect the structure, 
biodiversity and food webs of Southern Ocean pelagic ecosystems [3, 6, 7].

How will these changes impact Southern Ocean  
pelagic ecosystems?

Why does it matter how pelagic ecosystems are structured?
Carbon in the surface waters of the ocean is taken up by phytoplankton 
through the process of photosynthesis. The carbon is then transferred up the 
food chain. If most of the phytoplankton is consumed by small zooplankton 
the carbon tends to be recycled in the surface waters and will eventually be 
returned to the atmosphere. This is known as the short-lived carbon pool, 
since carbon in this pool only remains there for a short time, anywhere from 
hours to a few days [8]. On the other hand, if most of the phytoplankton is 



���������#��F��#��(���Q����B��(;����(F��?������?�F(����**�Q�F�����(F��?��� 275

of mucous strings during feeding [18, 20, 21], and through the sinking of 
their shells when they die [22].
Pteropods clearly contribute to the regulation of atmospheric carbon by the 
oceans and play a major role in the structure and functioning of pelagic 
ecosystems. They can therefore be considered a keystone species.

What needs to be done?

The degree of ocean acidification that has been predicted to occur over 
much of the Southern Ocean by 2050 will have severe knock-on effects. 
Pteropods will most likely disappear from those regions. This will impact 
on the shell-less pteropods and other carnivorous zooplankton that feed 
on them, as well as on the higher predators, such as fish, that are also 
known to feed on pteropods. Apart from influencing the food chain of the 
Southern Ocean pelagic ecosystem, the loss of these pteropods will also have 
negative affects on the transfer of carbon to the sequestered carbon pool. 
Although this is generally only significant on a regional scale, it would have 
implications for the role that the Southern Ocean plays in acting as a carbon 
sink. Unfortunately, there is no way of preventing ocean acidification if the 
business-as-usual approach (IS92a) to carbon emissions continues.
Very little is known about the impacts that ocean acidification will have on 
the Southern Ocean. Although pteropods will be severely affected, the impact 
of ocean acidification on other organisms, such as krill, is largely unknown. It 
is therefore essential that funding be made available to researchers to conduct 
studies to improve our understanding of the issue. Ocean acidification will 
not only affect the Southern Ocean (although this will be the region affected 
first). Eventually the oceans nearer the tropics will be influenced by ocean 
acidification, which will have extremely negative consequences for coral 
reefs. Research into how these fragile but extremely productive ecosystems 
might be impacted is urgently needed.

consumed by larger zooplankton and, in turn, top predators (including fish, 
seals and whales), the carbon will enter the long-lived carbon pool, so named 
because many of the top predators will live a long time, from one to tens 
of years  [8]. Phytoplankton that is consumed by larger zooplankton may 
also result in carbon being transferred into the sequestered carbon pool  [8]. 
This pool of carbon is stored in the deep ocean where it can remain for 
hundreds to thousands of years. This is the most important carbon pool in 
terms of the ocean’s ability to reduce atmospheric CO2 levels by acting as a 
carbon sink. The structure of pelagic ecosystems (which phytoplankton and 
zooplankton dominate) therefore plays an extremely important role in the 
global carbon cycle.

Where do pteropods fit in?
By definition, a keystone species is one that is not necessarily abundant in a 
community, but that exerts a strong control on the community structure by 
nature of its ecological role. In Southern Ocean pelagic ecosystems, pteropods 
can be considered as a keystone species. Recent studies have shown how 
important pteropods are in the Southern Ocean, particularly the role that 
they play in carbon transfer [6, 7]. Pteropods are important components of 
the pelagic food web, being both major consumers of phytoplankton and 
key prey items for higher trophic levels [6, 7]. Consuming vast quantities 
of phytoplankton, shelled pteropods are able to transfer carbon either to the 
deep sea (sequestered carbon pool) or to higher trophic levels (long-lived 
carbon pool). Also, the shelled pteropods are the exclusive food source for 
a group of shell-less pteropods inhabiting the Southern Ocean [7, 9]. The 
disappearance of the shelled pteropods due to ocean acidification will almost 
certainly result in the loss of their shell-less counterparts [7]. Shelled pteropods 
are also known to be important prey items for certain fish species [10, 11] 
and carnivorous zooplankton  [12-16]. In this way, pteropods contribute 
to the transfer of carbon away from the short-lived carbon pools and into 
the long-lived and sequestered carbon pools. In addition to their role in 
the pelagic food web, pteropods contribute to the transfer of carbon to the 
sequestered carbon pool through various other mechanisms  [7], including 
the production of large, fast sinking faecal pellets [17-19], the development 
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SAEON’s approach toward  
long-term environmental 

observation
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The South African Environmental Observation Network (SAEON) mandate is to 
deliver knowledge about the impact of global change on South Africa’s life-support 
systems. Earth observation using remote sensing coupled with in situ observation 
offers an approach of recording change, distinguishing natural variability from 
anthropogenic change and identifying the relative contribution of different 
drivers acting simultaneously and synergistically. The scope of observation is 
19  natural and anthropogenic drivers acting on biodiversity, bio-geochemical 
cycling, productivity, hydrological functioning, sediments, disturbance regimes 
and marine geophysical patterns. Four complementary approaches are pursued: 
monitoring of geographically dispersed sites; process-level observation of intensively 
observed sites; study of selected, well-defined ecosystems; and investigation of cross-
cutting or novel themes. 
Our environment is changing at an unprecedented rate in response to 
anthropogenic impacts that threaten to disrupt ecological processes and 
the sustainable use of our natural resources. The potential impact of such 
change on the world’s economic and social fabric has demanded a political 
response  [1]. However, policy prescription and decision making requires 
quality information about environmental change, and successful mitigation 
and adaptation responses cannot be formulated unless there is clear 
understanding of what is driving certain impacts. Long-term environmental 
observation has emerged globally as a key approach for meeting these 
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knowledge needs. SAEON was constituted with the mandate ‘to develop 
and sustain a dynamic South African observation and research network that 
provides the understanding, based on long-term information, needed to 
address environmental issues’ [2]. This volume illustrates some environmental 
changes taking place in South Africa and the manner in which they are being 
monitored (Pauw et al., p5). 
Environmental change is about human well-being and economic security, 
which is highlighted by the increasing importance attached to ecosystem 
services  [3] – a theme that resonates throughout this volume. Rangelands 
deliver agricultural goods and provide hydrological services, carbon 
sequestration, and energy (Milton and Dean, Section 3, p74); the well-being 
of rural communities is tied directly to their natural resource base (Twine, 
Section 1, p17; Erasmus et al., Section 1, p20); coastal fisheries is an industry 
of national importance (Brundrit, Section 4, p211) that is threatened by 
change (Bernard et al., Section 4, p233; Van der Lingen et al., Section 4, p252; 
Cockroft, Section 4, p257); and our water supply faces diverse threats (Le 
Maitre et al., Section 4, p193). There will be mounting costs for mitigating 
undesirable environmental changes (Van Wilgen, Section 3, p125) and for 
maintaining infrastructure and services in the face of sea level rise (Theron, 
Section 4, p212; Mather, Section 4, p217; Brundrit et al., Section 4, p227). 
Droughts, floods and storms will also have an increasingly adverse economic 
impact (Vogel, Section 1, p36; Smith et al., Section 4, p222). 
Can our ecosystems continue to deliver adequate services in the face of 
unheralded environmental change? Realistic projection of the rate and extent 
of environmental change is fundamental for successful adaptation and 
mitigation of its impacts. However, ecosystems, even those simplified by 
humans, are complex. Trying to understand how ecosystems work and to 
predict how they might change was difficult enough, even before they were 
faced with an array of novel human-induced impacts. Yet, as scientists, we 
face an ever increasing demand to achieve just this, which requires well 
designed surveillance of change. This chapter outlines SAEON’s approach 
to environmental observation in the context of current efforts revealed in 
this volume. 

SAEON’s aims: building on current efforts

SAEON is a network organisation that works toward understanding 
environmental change through collaboration with government and other 
agencies, academic institutions and civil society. This volume provides an 
overview of its starting platform and portrays the breadth and depth of the 
current observation effort. SAEON intends to expand this platform in the 
context of its core science framework  [4]. The following review identifies 
current strengths and gaps to be filled in order for SAEON to meet this aim. 
Effective observation of environmental change requires explicit identification 
of the drivers of change and responses of interest (Table  1). It is readily 
apparent that many of SAEON’s interests are well met by current efforts. This 
volume emphasises that a deeper understanding of both physical and socio-
politico-economic ‘drivers of the drivers’ is mandatory. Oceans are foremost 
among the physical drivers because of their control of climate (Lutjeharms, 
Section 4, p263), whereas human population trends are the critical socio-
economic driver (Kok and Van Tonder, Section 1, p12). The dichotomous 
nature of this country – a burgeoning rural population depending directly 
on natural resources versus an urban market-oriented society (Twine, 
Section 1, p17; Erasmus et al., Section 1, p20) – underscores the fact that 
human impacts are a product of both human numbers and global patterns of 
consumption. Even minor human activities, such as keeping exotic pets, may 
have substantial impacts (Van Wilgen and Richardson, Section 3, p135). 
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This volume highlights current priorities for drivers and responses (Table 1). 
For drivers, these are climate variability and change (seventeen chapters), land 
use and management (eleven chapters), alien organisms (seven chapters) and 
sea level rise (six chapters). Other important drivers are marine geophysical 
patterns, harvesting, pollution and poisons, hydrological functioning, CO2 
loading, sediments, and Large Infrequent Events (LIE). Less attention is paid 
to coastal/marine use or management, acid deposition, nutrient loading, 
disease, or the effects of two or more drivers; and no papers deal with ultra-
violet radiation, pests, disturbance regimes, or geomorphological processes. 
Coverage of land use centres on mining, rural systems, and livestock 
ranching, with limited attention to other forms of production agriculture. 
Responses receiving close attention (Table  1) are biodiversity (fourteen 
chapters), primary production (eight chapters), secondary production (seven 
chapters), and hydrological functioning (four chapters), with observation 
also of marine geophysical patterns, biogeochemical cycling, and sediments. 
Disturbance regimes are not considered.
Overall, the content of this volume shows a healthy foundation upon which 
to launch a national environmental observation initiative.

What ‘tools’ are at our disposal?

Available methods determine the rate of progress of a scientific discipline. This 
volume illustrates well that environmental observation can be successfully 
achieved using three main complementary tools, namely, remote sensing, 
in  situ observation and projection modelling, which together offer the 
required scale, detail and understanding.
Remote sensing offers a large spatial scale of observation and increasingly 
fine spatial resolution as technology advances. What is its relationship 
with in  situ observation? In some cases remote sensing can be used as 
the primary tool for inventory or monitoring change of specific features, 
for example, detection of alien plants (Van Aardt et al., Section 3, p147), 
mapping wetland change (Pillay, Section 4, p201), assessing and monitoring 
degradation (Van Aardt et al., Section 3, p97; Wessels et al., Section 3, p104), 
following subcontinental phenological change (Wessels et al., Section 3, p88) 
and assessing the impact of an ENSO event (Wessels and Dwyer, Section 3, 
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p92). In other cases, ground-based data are needed to complement remote 
sensing (Erasmus et al., Section 1, p20; Wessels and Dwyer, Section 3, p92; 
Wessels, Section 3, p104; Van Aardt et  al., Section 3, p147; Lutjeharms, 
Section 4, p264;). In a few cases, close integration between the two has been 
achieved when process-level observation is required, such as with intensive 
production systems like plantation forests and citrus orchards (Van Aardt 
et al., Section 3, p116).
Modelling is the third required component that allows integration of 
different drivers and response variables, as shown for a communal rangeland 
(Richardson and Hoffman, Section 3, p109) and the response of the 
Agulhas current to climate variability (Reason and Hermes, Section 4, 
p270). Modelling of physical systems, such as ocean behaviour, is achievable 
(Lutjeharms, Section 4, p264), but successful projection of the response of 
complex biological systems is a challenge which awaits us. In all cases, in situ 
observation is needed for the development, validation and verification of 
models. SAEON will therefore foster in situ observation in order to address 
process-level questions, assist remote-sensing efforts of sister agencies 
and contribute to modelling activities in the manner that  [5] GTOS and 
GOOS [6] function. 
This volume offers additional lessons on observation approaches. First, 
‘old technology’ is not redundant, as shown by the use of repeat lateral 
photography for examining vegetation change (Hoffman and Rohde, 
Section 3, p79) and aerial photography for studying bush encroachment 
(Ward, Section 3, p85). These studies further illustrate that understanding 
future change demands an understanding of past change; a refrain echoed 
in the accounts of acid drainage from coal mines (McCarthy and Pretorius, 
Section 3, p168) and historical changes in fish distributions (Skelton and 
Coetzer, Section 4, p190). Second, in  situ observation can be streamlined 
through using appropriate indicators of a specific impact. For example, 
phenology can reveal climate change at a subcontinental level (Wessels 
et al., Section 3, p88) and pteropods could serve as an indicator of ocean 
acidification (Bernard, Section 4, p273). What attributes should a successful 
indicator possess? Crawford and Ryan (Section 4, p247) contend that top-
of-the-web predatory seabirds reflect an integrated response of coastal and 

marine systems; similarly pteropods are critical components of their food 
web (Bernard, Section 4, p273). It is not practicable to monitor all physico-
chemical variables, so The River Health Programme uses bio-indicators for 
monitoring water quality (Sekwele, Section 4, p197). Third, observation 
design is improved if projections are made of expected responses based on 
best understanding, such as consideration of plant attributes for assisting in 
predicting alien invasiveness (Iponga, Section 3, p127), changes in marine 
currents and upwelling patterns (Reason and Hermes, Section 4, p270) that 
can have consequent effects on fisheries (Bernard et  al., Section 4, p233; 
Rouault et al., Section 4, p268), and adjustments of coastal systems to sea 
level rise (Theron, Section 4, p212; Mather, Section 4, p217; Griffiths and 
Mead, Section 4, p242). 

Scale and complexity of the observation challenge

Natural variability of dynamics with a long-term cycle may be easily 
confused with directional change. Observation needs to distinguish between 
the two so that clear inference can be made about human-induced change 
(Pauw, p5). This volume presents a number of cautionary examples in which 
it is equivocal whether directional change or natural variability is evident. 
Recently observed changes in our ocean’s currents may be part of natural 
variability (Reason and Hermes, Section 4, p270); the eastward shift of sea 
fisheries (Van der Lingen et al., Section 4, p252) and rock lobster (Cockroft, 
Section 4, p257) has occurred before and it is not clear whether this event 
is of greater magnitude or is the beginning of a directional change; and the 
KZN storm in 2007 (Smith et al., Section 4, p222) may simply have been 
an LIE coincident with an infrequently occurring constellation of factors, or 
perhaps its impact was exacerbated by sea level rise or altered wind patterns 
(Theron, Section 4, p212; Brundrit et al., Section 4, p227).
The complexity of anthropogenic impact on naturally variable ecosystems is 
well illustrated by estuaries (Whitfield and Matlala, Section 4, p181; James 
and Paterson, Section 4, p183), sea level rise, increase or decrease in freshwater 
inputs (impoundments, abstraction, inter-basin transfers, climate change), 
consequent changes in sediment input plus the effect of catchment-level 
changes in land use and management, nutrient loading and pollution (each 
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kind has a specific effect), changes in nutrient availability because of altered 
upwelling patterns, changes in sea surface temperature, ocean acidification, 
carbon loading, harvesting, ongoing invasion of alien organisms, and extreme 
storm events (Smith et al., Section 4, p222). These are first-order impacts, but 
as Ward (Section 3, p85) cautions, be wary of single-agent explanations of 
change. Responses will be complex because most drivers are multi-faceted (for 
example, impact of nutrient loading differs for nitrogen versus phosphorus), 
interact with others (Erasmus et al., Section 1, p20; Chown et al., Section 3, 
p139) and have indirect effects, and response variables can show a complex 
integrated response (for example, trophic cascades). Responses may also be 
contrary to expectations. This is evident in sea temperatures along the eastern 
coastline increasing at some locations (James et  al., Section 4, p187) but 
decreasing at others owing to altered upwelling patterns (Griffiths and Mead, 
Section 4, p242). This complexity of anthropogenic change plays out against 
a backdrop of the natural variability of climate, disturbance, and LIEs across 
marine, terrestrial and aquatic ecosystems. 
Can observation hope to distinguish the effect of so many different drivers 
so that causes of change are understood? SAEON has stratified observation 
according to the country’s main biomes (marine, coastal, fynbos, grassland, 
forest, wetland, savanna, arid). For each, the observation design is intended 
to realise the following objectives:
(a) Distinguish directional change from natural variability.
(b) Identify the responsible drivers. 
(c) Define the relative effect of each driver and determine if there are complex 

effects. 
(d) Assess ecosystem responses to a complex set of drivers. 
(e) Project future changes based on process-level knowledge. 
These are formidable goals for which a four-pronged observation approach 
has been devised. 

SAEON observation approach

This section describes SAEON’s four-pronged observation approach: 

(a) In  situ observation across geographically distributed sites in order to 
identify the relative influence of different drivers.

(b) Intensively observed sites for gaining a process-level understanding of 
certain drivers and responses. 

(c) Observation of selected, discrete ecosystems in order to ensure realism 
that may not be evident in site-based observation.

(d) Comparison across biomes for cross-cutting themes.

Identifying the effect of individual drivers
Experimental approaches can show that a certain driver agent may have an 
effect, but observation is needed to demonstrate the scale of its effect in an 
ecosystem. If multiple drivers impact a system at any one time, how can the 
influence of one driver be isolated? SAEON’s design for this component is 
based on using the spatio-temporal ‘signature’ of each driver to distinguish 
its effect from those of others [4]. Impact of a driver ranges from pervasive 
and consistent through to local and infrequent (cf. ‘press-pulse’ distinction of 
Bender et al. [7]). At one extreme, the effect of different land uses and land 
management approaches are easily compared across fence lines. In effect, 
most landscapes in this country offer a well replicated experiment (see Götz, 
Section 4, p238, for a marine example using marine protected areas). In terms 
of temporal patterns, impact of an LIE is easily recorded with appropriate 
temporal resolution of sampling; the impact of a land transformation is 
revealed by monitoring before and after. At the other extreme there are 
variables that offer no spatial controls for comparison or display step-like 
changes through time. Atmospheric CO2 has been increasing monotonically 
and uniformly across the globe since the 1950s. Some effects of carbon 
loading have been identified because process-level understanding has been 
gained. One example is the impact of ocean acidification through increased 
absorption of atmospheric CO2 on marine systems (Bernard, Section 4, 
p273). A second purported example is bush encroachment resulting from 
the differential advantage of C3 versus C4 photosynthetic pathways in 
relation to atmospheric CO2 concentration (Ward, Section 3, p85). Prior to 
this, bush encroachment was explained only in terms of land management 
impacts. Maximum use is to be made of responses which have a ‘one-on-one’ 
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correspondence with a driver, such as biota, whose distribution is strongly 
controlled by temperature (James et al., Section 4, p187). 

Process-level observation of intensive sites
Impacts which require detailed process-level understanding are addressed 
through intensive observation of sites of about 100  ha, based on the 
GTOS�/�GOOS approach. The main example is to increase understanding of 
the impact of increasing atmospheric carbon and climate change on carbon 
cycling through process-level modelling of carbon flux, biogeochemical 
cycling, water balance and primary productivity. The intensity of this effort 
would limit it to one site per biome, requiring selection of a representative 
vegetation type and land use. 

Observation of selected ecosystems
Site-based observation is biased toward drivers and responses that can be 
observed at a reduced spatial scale. Scale-related dynamics that occur in 
larger ecosystems will not likely be apparent. For example, rivers are best 
understood at a catchment level; secondary production can only be assessed 
at the scale of a production unit. Observation of distinct ecosystems, 
defined as a geographic area that functions as a relatively discrete entity, 
is therefore a third approach in order to achieve broader realism. This 
approach equates with the Long-Term Ecological Research sites in the US 
and elsewhere. Comparable examples in this volume are the Namaqualand 
communal grazing lands (Richardson and Hoffman, Section 3, p109) and 
Marion Island (Chown et  al., Section 3, p139). An advantage of both is 
that they are relatively simple systems; the first-mentioned being driven by 
climate and livestock, the second by climate and alien organisms. Another 
suitable attribute is a system in which an intervention has taken place, as, 
for example, shown for dune mining followed by rehabilitation (Van Aarde 
et al., Section 3, p161). The challenge is to expand this approach to more 
complex systems, to which end SAEON has commenced observation of 
Algoa Bay, the Drakensberg, and Table Mountain National Park. These well-
studied systems have a baseline that should assist in interpretation of major 
changes, such as port construction in Algoa Bay. 

Cross-cutting themes
The comparative approach is a powerful observation tool. SAEON will 
pursue cross-cutting themes across biomes such as rangeland degradation 
and harvesting. Rangeland degradation has similar causes and consequences, 
but also important differences, across land uses and across biomes (Hoffman, 
Section 3, p71; Milton and Dean, Section 3, p74; Van Aardt et al., Section 
3, p97; Wessels, Section 3, p104; Richardson and Hoffman, Section 3, 
p109). Likewise, harvesting of individual species is a major impact in marine, 
coastal, and terrestrial environments, whose ramifications permeate the trophic 
web (Crawford and Ryan, Section 4, p247; Van der Lingen et al., Section 4, 
p252). 

Conclusion

Environmental change is not new. Many anthropogenic impacts, such as 
land transformation, poor land management, mining, pollution, harvesting, 
poisons, nutrient loading, altered disturbance regimes, alien organisms and 
pests, have been evident for a long time. These impacts are set to continue 
and may intensify. So are novel human-induced impacts, such as climate 
change and sea level rise. Our natural, semi-natural and production systems 
are faced with unprecedented human-induced change. SAEON will pursue 
in  situ observation, complemented by the remote-sensing efforts of sister 
agencies, to help provide the understanding essential for adapting to and 
mitigating anthropogenic change. 
The driver variables reflect the most important anthropogenic and natural 
agents forcing change of the main ecosystems of the country. The response 
variables represent the key pre-determined areas of interest for SAEON. 
A  response variable may be affected by multiple driver variables but the 
identity of these would depend on the ecosystem in question.
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Environmental changes are progressively affecting the future of 
South Africans through their combined impacts on human 
livelihood, security and prosperity.

This book is about environmental change in South Africa, 
its causes, trends, implications, suggested solutions and the 
technologies and methodologies of observation and analysis. 
It draws together work from as many scientific disciplines as 
possible to inform not only the private sector and political 
decision makers, but also the general public on current 
environmental issues and challenges.

Observations on Environmental Change in South Africa provides 
pertinent scientific evidence to assist the people of our country 
in formulating intelligent and responsible policies and practices 
for the betterment of our society and to ensure the long-term 
sustainable futures of South Africans.




