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Foreword

South Africa has played an outsize role in the history of biological invasions and the
development of an invasion science to understand and mitigate their impacts.
Containing a large region with temperate climate, South Africa, beginning with
European colonisation in the seventeenth century, joined Australia, New Zealand,
many oceanic islands, and large parts of the Americas as a victim of what historian
Alfred Crosby termed “ecological imperialism, the biological expansion of Europe.”
Besieged by terrestrial, freshwater, and marine species purposely or accidentally
introduced, South Africans perhaps first perceived that such newly arrived species
could be problematic in 1713 when smallpox arrived in Cape Town, killing many
indigenous Khoikhoi, who attributed the introduction to the Dutch. European immi-
grants and their descendants, by and large, welcomed—indeed, deliberately intro-
duced—many of the new additions to the biota, especially trees in the South African
ecosystems lacking forests—savanna, grassland, and fynbos. Trees provided wood,
fruit, and shelter and were an aesthetic amenity attractive to European settlers.

By the turn of the twentieth century, some of these widely established nonnative
species, especially plants, were recognised as problematic. Northern hemisphere
conifers were first recorded as invasive in 1855, European spiny burweed by 1860,
Australian blue gum by the late 1860s, and Australian acacias by the turn of the
century. This was also when the advantages of New World prickly pear as edible
fruit and fodder were finally seen by many as outweighed by their disadvantages in
destroying pasture and harming livestock. Thus began the South African attempt to
understand the biology behind these invasions and to defeat them. Biological control
projects to control both insect and plant pests were quickly initiated: the vedalia
beetle from Australia was introduced in 1892 to attack the Australian cottony
cushion scale and the American cochineal insect was released in 1913 to attack
prickly pear. In the early twentieth century, many lady beetles were also introduced
to control insect pests, but with little success. Thus began the growth of an increas-
ingly sophisticated South African science of biological control tailoring projects to
complex problems such as limiting spread of plants that are valued in some settings
(e.g., for timber or food) but reviled when they invade other sites, such as pastures or
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natural areas. In light of a good number of successes, South Africa is now recognised
as a world leader in plant biological control.

The initial impetus for the international program of SCOPE (Scientific Committee
on Problems of the Environment) that began modern invasion science came from a
SCOPE workshop held in 1980 at Hermanus, South Africa, on the ecology and
conservation of Mediterranean-type ecosystems. Discussions at the workshop led to
a proposal to the SCOPE governing board in 1982 that was approved and led to a
decade-long program of workshops with hundreds of participants throughout the
world (including one workshop in South Africa). This program produced five books,
two journal special issues, and many other papers. South African scientists were
heavily involved in the SCOPE program from the start, and 5 of the 22 authors of the
synthesis volume published in 1989 were South African. Of the five SCOPE books,
only the South African one—The Ecology and Management of Biological Invasions
in Southern Africa—fully addressed the stated SCOPE project goal of applying
scientific knowledge to solving environmental problems, with 11 of its 25 chapters
dealing with management. The other SCOPE products dealt almost exclusively with
the academic question of why some species become invasive upon introduction to
new areas and others do not or were largely depictions of ecological impacts of
particular invasions. This focus of the South African volume on integrating science
with management has been a continuing hallmark of South African invasion science
that contrasts with the rather separate academic and applied endeavors in other
nations leading invasion research—the USA, Australia, and New Zealand.

The South African Working for Water program initiated in 1995 immediately
attracted global attention and excitement as the largest public works program ever
conceived to tackle plant invasions, thereby aiding biodiversity and water conser-
vation and at the same time addressing poverty by creating jobs and developing
human skills. Its continuing evolution and innovation with a mix of biological
control, chemical control, and mechanical or manual control is of utmost interest
as not only South Africa but other nations worldwide cope with similar problems,
often involving the same invasive plants that besiege South Africa. The Centre for
Invasion Biology, established in 2004 as a network housed at Stellenbosch Univer-
sity but with associated scientists and students throughout the country, is a unique
organisation that is widely admired as an enormously productive locus of research
and training on mechanisms, impacts, and management of invasions and an inter-
national hub of influential discussions on invasion science and policy. The hundreds
of papers published annually under the Centre’s imprimatur in leading international
journals epitomise a long tradition in South African invasion science—a plethora of
books, journal articles, and widely distributed reports from universities and govern-
ment agencies that have placed South Africa in the forefront of research to under-
stand, manage, and adapt to one of the great global changes transforming all
ecosystems and affecting the human societies that depend on them.

Along with the wealth of invaders and the strong attempt to cope with them that
has increasingly developed over the past few decades have also come innumerable
conflicts and controversies, often of the sorts that beset other nations. Thus,
South Africa has invasive plants that are ecologically damaging yet beloved by the
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public—Pretoria’s famous South American jacaranda trees are a prime example. It
has nonnative salmonids that threaten native fishes but are prized by anglers who
challenge legislative efforts to limit invasion. It has critics from within and outside of
South Africa, mostly from the social sciences or humanities, who ignore or down-
play invasion impacts on native species and ecosystems and depict the entire
enterprise of managing nonnative species as a manifestation of xenophobia or
even a legacy of apartheid. All of these socio-ecological problems concerning policy
and management of invasive nonnative species have analogs elsewhere, and
South Africa’s extensive history of dealing with such issues may help guide other
nations in their efforts to resolve similar controversies.

Finally, it is important to recognise that the major part of the growth of a
sophisticated invasion science in South Africa has occurred since the abolition of
apartheid and first universal elections in 1994. Thus, this ambitious effort has
occurred in the context of a radical change in governance and a monumental struggle
to erase the poverty of the majority of its citizens. The initiation of Working for
Water and the extensive educational and outreach programs of the Centre for
Invasion Biology are striking manifestations of the dual urgent objectives
South Africa has set for itself, and the challenges faced by other nations leading
the growth of modern invasion science pale in comparison.

In light of the long history of biological invasions in South Africa, its leading role
in confronting them in a difficult and complex sociopolitical context, and its large
corps of scientists who have devoted their lives to understanding their impacts and
how to address them, it is exciting that all aspects of the issue are now summarised in
Biological Invasions in South Africa. We owe the editors and authors our gratitude
for presenting their insights. The lessons from South Africa inspire some optimism
that, with appropriate willpower and effort, invasions are one significant global
change that can be contained and partially redressed without the massive, irrevocable
damage to native biodiversity and ecosystems that has characterised much of the
global picture.

University of Tennessee Daniel Simberloff
Knoxville, TN, USA
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Chapter 1 ®)
Biological Invasions in South Africa: s
An Overview

Brian W. van Wilgen ®, John Measey (), David M. Richardson (),
John R. Wilson (), and Tsungai A. Zengeya

Abstract South Africa has much to offer as a location for the study of biological
invasions. It is an ecologically diverse country comprised of nine distinct terrestrial
biomes, four recognised marine ecoregions, and two sub-Antarctic Islands. The coun-
try has a rich and chequered socio-political history, and a similarly varied history of
species introductions. There has been a long tradition of large-scale conservation in the
country, and efforts to manage and regulate invasions began in the nineteenth century,
with some notable successes, but many setbacks. With the advent of democracy in the
early 1990s, South Africa established large alien species control programmes to meet
the dual demands of poverty alleviation and conservation, and has since pioneered
regulatory approaches to address invasions. In terms of research, South Africa has
played an important role in the development of invasion science globally. It continues
to have one of the most active communities anywhere in the world, with strengths in
theoretical and applied invasion science, and world-leading expertise in specific
sub-disciplines (e.g. the classical biological control of invasive plants).

In this introductory chapter to the book “Biological Invasions in South Africa”,
we highlight key events that have affected biological invasions, their management,
and the research conducted over the past two centuries. In so doing, we build on
earlier reviews—f{rom a national situational review of the state of knowledge in
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1986, culminating most recently with a comprehensive report on the status of
biological invasions and their management at a national level in 2018.

Our book comprises 31 chapters (including this one), divided into seven parts that
examine where we have come from, where we are, how we got here, why the issue is
important, what we are doing about it, what we have learnt, and where we may be headed.

The book lists over 1400 alien species that have established outside of captivity or
cultivation. These species cost the country at least US$1 billion per year (~ZAR
15 billion), and threaten South Africa’s unique biodiversity. The introduction and
spread of alien species, the impacts that they have had, the benefits that they have
brought, and the attempts to manage them have provided many opportunities for
research. Documenting what we have learned from this unplanned experiment is a
primary goal of this book. We hope this book will allow readers to better understand
biological invasions in South Africa, and thereby assist them in responding to the
challenge of addressing the problem.

1.1 Why South Africa Is an Interesting Place for Biological
Invasions?

South Affrica has a rich and varied biodiversity, and a long history of alien species
introductions that took place within the context of a complex socio-political envi-
ronment. South Africa also has a long history of conservation management, as well
as a history of regulating and managing biological invasions. Research specifically
on biological invasions goes back at least five decades. In this section we review
these factors, and argue that, as a result of them, South Africa is a particularly
interesting place to study the phenomenon of biological invasions (Fig. 1.1).

1.1.1 A Rich and Varied Biodiversity

South Africa, covering only 0.8% of the earth’s terrestrial area, is one of the planet’s
18 “megadiverse countries”, defined by Conservation International as nations that
harbour the majority of Earth’s species and high numbers of endemic species. It is
home to 23,420 described terrestrial plant species (~6% of the global total; Willis
2017), ~60,000 terrestrial and freshwater invertebrate species (~1% of the global
total), 3107 vertebrate species (~6.5% of the global total), 12,000 coastal marine
species (~15% of the global total; Le Roux 2002; Griffiths et al. 2010), and ~1.8% of
the world’s described soil species (Janion-Scheepers et al. 2016)]. 60% of
South Africa’s terrestrial plants and 70% of its terrestrial and freshwater inverte-
brates are endemic (Le Roux 2002).

This diversity is partly due to the wide variety of environmental conditions
(Wilson et al. 2020a, Chap. 13) that have resulted in continental South Africa’s
nine terrestrial biomes, ranging from desert to rainforest (Mucina and Rutherford
2006; Fig. 1.2). There are also four recognised marine ecoregions in South Africa
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Fig. 1.1 South Africa is a particularly interesting placed to study invasions as it has a rich and
varied: (a) biodiversity; (b) history of biodiversity conservation; (c) history of introductions; (d)
socio-political history; as well as (e) a long history of management; and (f) a strong research
tradition in invasion science. Sources: (a) is based on Figs. 1.2 and 1.3. (b) the map is courtesy of
L. C. Foxcroft and the bar chart drawn by the authors based on data in UNEP-WCMC (2019); (¢) is
redrawn with permission from Richardson et al. (2011b); (d) the bar chart shows the proportion of
different first language speakers in South Africa (Statistics South Africa 2012), and the photograph
is of Kya Sands and Blousbosrand in Gauteng and is from a 2018 Google Earth image; (e) Fig. 1.4;
(f) the relative research output of South Africa vs. the rest of Africa is from Pysek et al. (2008), and
the network diagram is from Abrahams et al. (2019) highlighting the high level of inter-
connectedness of invasive scientists in the country (each point is an author funded by Working
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(Fig. 1.2), and marine species are drawn from three major biogeographic zones
(Indo-Pacific, Atlantic and Antarctic). Well-known marine ecosystems range from
cold-water kelp forests to tropical coral reefs. There are several marine islands close
to the shore of South Africa, and biological invasions and their management on these
inshore islands are dealt with in Chaps. 9 and 22 (Robinson et al. 2020; Davies et al.
2020). South Africa’s southernmost territory, the Prince Edward Islands (Marion
Island and Prince Edward Island) lie ~2000 km south-east of Cape Town in the
Southern Ocean. The native biota, invasive alien species, and the management of
biological invasions on these islands are discussed in Chap. 8 (Greve et al. 2020).
The status of freshwater invasions are discussed in Chap. 6 (Weyl et al. 2020). Given
this diversity, it is unsurprising that large areas of the planet have climatic and
environmental analogues to South Africa (Fig. 1.3; see also Richardson and Thuiller
2007).

1.1.2 A Rich and Varied History of Biodiversity Conservation

The first protected areas in Africa were established in South Africa in the 1890s,
initially for “game” protection. The Sabi Game Reserve in the (then) Transvaal
Republic was proclaimed in 1895, and together with the Shingwedzi Game Reserve
(proclaimed in 1903) went on to become South Africa’s first National Park (Kruger
National Park, proclaimed in 1926) (Greyling and Huntley 1984). A different
philosophy was followed by the Department of Forestry, who sought to protect
water and forest resources rather than game. The Department of Forestry was
responsible for the early establishment of protected areas in mountain water catch-
ments (e.g. the Langeberg in 1896 and the Cederberg in 1897), coastal areas
(e.g. Walker Bay in 1895), and indigenous forest areas (Knysna forests in 1894;
Greyling and Huntley 1984). Today, terrestrial protected areas cover 8.85% of the
country (Fig. 1.1b), while marine protected areas have recently been increased to
~5% of the ocean around the coastline, an area in excess of 50,000 km?.

1.1.3 A Rich and Varied History of Introductions

South Africa is believed to be the place where the complex behaviours typical of
modern humans first appeared (Marean et al. 2014). These peoples inhabited coastal
areas about 110 thousand years ago, and interacted closely with native plants and
animals in small hunter-gatherer communities (Marean et al. 2014; Marean 2016).
Their descendants are believed to be the Khoisan people who were widespread in
South Africa prior to the arrival of migrating peoples (Marean et al. 2014). The
Khoisan continue to inhabit parts of South Africa and southern Namibia today.
South Africa has a rich social history formed by immigration predominantly from
Africa, Europe, and Asia. From about 200 AD, Bantu-speaking people from central
and eastern Africa migrated into South Africa. They brought with them livestock and
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plants. Prior to the arrival of European settlers, the South African coastline was likely
visited by boats from different seafaring trading nations, including Phoenicians,
Egyptians, Greeks, Arabs, Chinese and Indians. Infrequent visitors, such as the
Portuguese maritime explorer Bartolomeu Dias, built structures on land (padrdos,
circa 1490), and their visits almost certainly facilitated unintended invasions of
vermin. Their ships also carried dry ballast, and with it organisms from their ports
of origin.

The first permanent European settlement was in 1652, when the Dutch
established a presence in what is now Cape Town. Even then, invasive species
were recognised as a problem, and European settlers were sometimes mindful of not
introducing some species because they might have become problematic. For exam-
ple, the first Dutch administrator at the Cape, Jan van Riebeeck, deliberately avoided
introducing European Rabbits, Oryctolagus cuniculus, to the mainland, and passed
this advice onto his successor (Measey et al. 2020a, Chap. 5, Sect. 5.2). Neverthe-
less, the early years of colonisation saw many deliberate introductions of both plants
and animals that later became and remain major invasive species (and ironically
rabbits seem incapable of naturalising).

Under Dutch rule, slaves were brought from South East Asia (the Dutch East
Indies in particular) in the latter half of the seventeenth century, and there were
various waves of immigration from Europe (in part to escape religious intolerance).
The British took over from the Dutch as colonisers in 1806. Under British colonial
rule, over 150,000 indentured labourers from India arrived in Natal from 1860 to
1911 (when the system of indentured labour was stopped). Other colonisers came
from all over the globe as traders, miners, and for various opportunities (some of
which were temporary). These diverse groups of people have introduced, deliber-
ately and accidentally, species from all taxonomic groups to South Africa in various
complex waves of introductions (Fig. 1.1c). Alien species have been vital to feed,
clothe, nurture, employ, and enrich the growing human population, but some alien
species have spread and in some instances caused undesirable environmental and
socio-economic impacts.

From the mid-nineteenth century onwards, people deliberately introduced and
promoted a wide range of alien species to South Africa, for a range of purposes, and
many went on to become prominent invaders (Fig. 1.4). In 1847, active and
widespread planting of Australian Acacia species (wattles) as a means of stabilising
dunes along the coast began. Plantings continued to the 1940s, and the large areas
planted resulted in substantial invasions (Shaughnessy 1986). In 1864, Acacia
mearnsii (Black Wattle) was introduced and planted to produce tannins from bark
(Stubbings and Schonau 1983). Black wattles have subsequently become one of the
most widespread invasive alien trees in South Africa (Nel et al. 2004). In 1889, Cecil
John Rhodes introduced Fallow Deer (Dama dama), Grey Squirrels (Sciurus
carolinensis), Chaffinches (Fringilla coelebs) and Common Starlings (Sturnus
vulgaris) to the Cape (Measey et al. 2020a, Chap. 5, Sect. 5.2). Common Starlings
subsequently became one of the most widespread invasive birds in South Africa
(Measey et al. 2020a, Chap. 5, Box 5.1; Picker and Griffiths 2011). Rainbow Trout
(Onchorhynchus mykiss) were introduced to South Africa in 1897 (Weyl et al. 2020,
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Fig. 1.4 Timeline of selected milestones in the history of biological invasions and invasion science
in South Africa over the past two centuries with respect to the introduction of alien species, and the
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Chap. 6, Sect. 6.2), and hatcheries were established at Jonkershoek (Western Cape)
and Boschfontein (KwaZulu-Natal) to breed and distribute trout for recreational
fishing. The establishment of hatcheries facilitated stocking of angling species such
as Largemouth Bass (Micropterus salmoides), Smallmouth Bass (M. dolomieu),
Common Carp (Cyprinus carpio), Brown Trout (Salmo trutta) and O. mykiss,
initially by government agencies and later by angling societies and private individ-
uals. These fish have subsequently become invasive, and their management is
complicated and sometimes highly contentious because of differences in how people
view the benefits they provide and the negative impacts they cause (Woodford et al.
2016; Ellender et al. 2014; Zengeya et al. 2017). While certain pines (Pinus species)
were introduced as early as 1690, it was not until the 1930s that extensive planting in
formal plantations began, to grow a viable forest industry. Pines subsequently
become invasive, particularly in the Fynbos Biome (van Wilgen and Richardson
2014). In the 1950s, farmers were actively encouraged by government, through
subsidies and extension programmes, to plant Prosopis trees on their farms to
provide for shade and fodder (Wise et al. 2012). These trees are now the most
serious invaders of arid landscapes in South Africa. These few examples of early
deliberate introductions and propagation were typical of our history until relatively
recently. Currently, almost 1500 alien species are known to have established in
South Africa, many of which have become invasive (see Sect. 1.3). The rate at which
new taxa are recorded as introduced and established has been increasing over the
past decades, and by the 1980s over 50 new species were recorded as established per
decade, rising to 70 recently (van Wilgen and Wilson 2018). Of the invasive species
that were assessed by experts, 107 have either severe or major negative impacts:
80 of these are plants, 11 terrestrial invertebrates, eight mammals, seven freshwater
fish species, and one marine invertebrate (van Wilgen and Wilson 2018). Data on
how invasions have changed over time are not available for most taxa, but, based on
the Southern African Plant Invaders Atlas (SAPIA), it is clear that both the number
and extent of plant invasions has increased markedly in recent years [as of May
2016, SAPIA had records for 773 alien plant taxa, an increase of 172 since 2006; and
between 2000 and 2016, the number of quarter degree grid cells occupied by alien
plants has increased by ~50% (Henderson and Wilson, 2017)]. While many early
introductions were deliberate, accidental introductions are becoming more common
(Fig. 1.1c; Faulkner et al. 2020, Chap. 12). One recent and potentially very damaging
example is the Polyphagous Shot Hole Borer (Euwallacea fornicatus), an ambrosia
beetle native to Asia, that together with its fungal symbiont Fusarium euwallaceae
poses substantial threats to both native and alien trees in South Africa (Paap et al.
2018; Potgieter et al. 2020, Chap. 11, Box 11.3).

Particular features of South Africa’s biomes and biota have resulted in a demand
for particular alien species, thereby shaping introduction pathways (Richardson et al.
2003; Faulkner et al. 2020, Chap. 12). For example, the paucity of native trees
suitable for timber production resulted in major efforts to introduce trees from many
other parts of the world. Although such introductions created much-needed ecosys-
tem services to support growing human populations, they also sowed the seeds,
literally and figuratively, for rampant invasions decades or centuries later. No other



12 B. W. van Wilgen et al.

country has had such a deluge of alien tree species, and South Africa can surely
claim the title of “tree invasion capital of the world” (Richardson et al. 2020b,
Chap. 3). But there is also a demand for South African species from other parts of the
world, as discussed by Pysek et al. (2020), Chap. 26; and Measey et al. (2020b),
Chap. 27. Many South African grasses, which evolved adaptations to deal with
frequent fires and intense pressure from a diverse fauna of large mammals, have been
disseminated across the planet to create or supplement pastures and rangelands for
growing populations of domestic livestock (Driscoll et al. 2014). Many of these
grass species have become aggressive invaders with the capacity to transform
ecosystems (Visser et al. 2016; Linder et al. 2018).

1.1.4 A Rich and Varied Socio-political History

South Africa also has a unique socio-political landscape—the legacy of waves of
colonisation and migration, and decades of enforced separation of races during the
apartheid era. South Africa has eleven official languages (ten of which originated in
the country), and a range of other native languages spoken by the Khoisan. None of
these languages is spoken by more than a quarter of the population as a home
language (Fig. 1.1d), just one measure of the social diversity. There also has been,
and remains, a high degree of inequality between different segments of
South African society, often resulting in very different perceptions regarding the
relative value of, or harm done by, particular invasive species. As we were finalising
this chapter, in May 2019, the cover story of Time proclaimed South Africa “The
world’s most unequal country” (Baker 2019; see also Fig. 1.1d). Sharp gradients
between affluence and abject poverty in many parts of the country pose major socio-
political and environmental challenges. The rich tapestry of biodiversity, a long
history of species introductions and invasions, and the complex social issues have
created a unique natural laboratory in which to study perceptions relating to benefits
and negative impacts due to alien species across diverse gradients (e.g. Kull et al.
2011 for Australian Acacia species).

1.1.5 A Long History of Managing and Regulating Biological
Invasions

For more than a century, considerable effort has gone into managing and regulating
invasive species in South Africa (Fig. 1.4), with varying degrees of success. This has
meant that the management of invasions has been relatively well studied, because
efforts to manage invasive species in natural areas began earlier than in most other
parts of the world. Where invasive species are clearly harmful, there has been general
agreement that they should be controlled, but in several cases the situation has not
been clear-cut. Species introduced for commercial or amenity value, (e.g. trees for
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commercial forestry and freshwater fish for recreational angling) that have become
invasive have led to vociferous disagreement as to how they should be managed (van
Wilgen and Richardson 2014; Woodford et al. 2016).

South Africa’s attempts at regulation began in 1861 with the passing of an Act
requiring the control of the invasive Bur Weed (Xanthium spinosum). Many similar
acts followed (Richardson et al. 2003; Lukey and Hall 2020, Chap. 18), usually with
a focus on a particular species, or set of species, and holding landowners responsible
for controlling the species concerned (Lukey and Hall 2020, Chap. 18).

Active management of biological invasions in South Africa arguably began in
1913 with the release of the Cochineal Insect (Dactylopius ceylonicus) to control
Drooping Prickly Pear (Opuntia monacantha). This was the first release of a
biological control agent in South Africa (Moran et al. 2013). The later release of
biological control agents against Opuntia ficus-indica (Mission Prickly Pear) led to
spectacular success, and biological control of invasive alien plants was to become an
effective method for reducing populations of several important invasive plants.

In 1934, the Jointed Cactus Eradication Act (Act 52 of 1934) was promulgated.
This Act marked a change in the legislative approach (facilitating a more state-
coordinated, programmatic and integrated approach), and it was followed by a
largely successful suite of management interventions, including biological control
and mechanical clearing (Moran and Annecke 1979).

Despite the early biological control successes against invasive Opuntia species in
the 1920s and 1930s, by 1945 people were becoming concerned about other invasive
alien species, particularly in the Western Cape. These concerns were addressed, inter
alia, in a publication of the Royal Society of South Africa on the preservation of the
vegetation of the Fynbos Biome (Wicht 1945). It was the first scientific report to
consider the management of invasive species in South Africa, and noted that
invasive tree species were “one of the greatest, if not the greatest, threats” to the
conservation of vegetation in the Fynbos Biome. Concerns about invasive plants
continued to grow, mainly in the Fynbos Biome (Anon. 1959; Stirton 1978). In
1970, the Mountain Catchment Areas Act (Act 63 of 1970) was published. This Act
authorised, within 5 km of the boundary of a proclaimed mountain catchment area,
“the destruction of vegetation which is, in the opinion of the Minister, intruding
vegetation” (the term “intruding vegetation” referred to invasions by alien plants).
The Mountain Catchment Areas Act thus empowered the Minister not only to clear
invasive species from formally protected areas, but also to extend these control
operations to 5 km beyond the boundaries of proclaimed areas. In the 1970s, the
Department of Forestry, backed by the Mountain Catchment Areas Act, embarked
on very ambitious projects to clear invasive plants from mountain catchment areas in
the Fynbos Biome. These co-ordinated alien plant clearing projects in mountain
catchment areas in the Western Cape were the first concerted, long-term alien plant
control operations at a provincial scale (Wicht and Kruger 1973; Fenn 1980).
Invasive species have also been actively managed in the Kruger National Park
since the 1950s (Foxcroft and Freitag-Ronaldson 2007), and the Department of
Forestry and its successors have implemented large-scale alien plant control opera-
tions since the 1970s (Wicht and Kruger 1973).
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In 1983, the publication of the Conservation of Agricultural Resources Act (Act
43 of 1983) instituted the regulation of 47 invasive alien plant species that required
compulsory control. This was subsequently increased to 198 species in 2001 (Lukey
and Hall 2020, Chap. 18, Sect. 18.6). These species were listed in three categories:
(1) invasive species of no value; (2) recognised invasive species that also have
commercial value; and (3) recognised invasive species that have ornamental, but no
commercial value.

With respect to invasive animals, a long-term campaign to eradicate feral Domes-
tic Cats (Felis catus) from Marion Island began in 1973, was declared a success in
1992 (Bester et al. 2002; Greve et al. 2020). This was the first large-scale eradication
in South Africa, and the second overall (Wilson et al. 2013).

South Africa became a constitutional democracy in 1994, and ratified the
Convention on Biological Diversity (CBD) in 1995. Article 8 (h) of the CBD
requires each Contracting Party to, as far as is possible and as appropriate, “prevent
the introduction of, control or eradicate those alien species which threaten eco-
systems, habitats or species”. This commitment was strengthened when
South Africa adopted a new constitution in 1996 that enshrined the right to an
environment protected from degradation. Section 24(b) of the Constitution guar-
antees the right to have the environment protected for the benefit of future
generations through reasonable legislative and other measures that prevent “eco-
logical degradation, promote conservation, and secure ecologically sustainable
development”.

In 1995, the Working for Water programme was launched (van Wilgen and
Wannenburgh 2016). This programme had the dual purpose of protecting a vital
resource (water) from reduction due to invasive plants, while at the same time
providing employment and developmental opportunities to disadvantaged people
in rural areas. It went on to become the largest environmental programme on
the African continent. Working for Water has substantially broadened the scope
and extent of alien species management projects in South Africa, and these
are reviewed in van Wilgen et al. (2020a), Chap. 21, and Davies et al. (2020),
Chap. 22.

In 2014, the then Department of Environmental Affairs published the Alien &
Invasive Species (A&IS) regulations, which essentially replaced the regulations
under the Conservation of Agricultural Resources Act (Box 1.1), and broadened
the scope and coverage by addressing all invasive alien taxa (not just plants). The
A&IS regulations listed 559 taxa that would require compulsory control. In 2018, the
national report on the status of biological invasions was produced under the auspices
of the A&IS regulations (van Wilgen and Wilson 2018; Box 1.2).
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Biological Invasions in South Africa: An Overview

Box 1.1 South Africa’s Alien & Invasive Species Regulations

South Africa is one of the few countries that has regulations in place on
biological invasions, and many parts of the regulations are highly innovative.
In many places throughout this book, reference is made to these regulations,
and here we provide a brief overview as background.

The Alien & Invasive Species Regulations were published in 2014 in terms
of the National Environmental Management: Biodiversity Act (NEM:BA; Act
10 of 2004). These regulations place restrictions on the use of listed alien
species and regulate how they are to be managed. In addition, the regulations
prescribe the process to be followed if a new alien species is to be imported
into the country, and list species that are prohibited from importation. The
intent of the regulations is to: reduce the risk of importing alien species that
could become invasive and harmful; reduce the number of alien species
becoming invasive; limit the extent of invasions; and reduce the impacts
caused by these invasions—while recognising that society should continue
to benefit from alien species.

Currently, 559 invasive taxa are listed in terms of the regulations in
different categories:

» Category la species are those targeted for national eradication.

» Category 1b species must be controlled as part of a national management
programme, and cannot be traded or otherwise allowed to spread.

» Category 2 species are the same as category 1b species, except that permits
can be issued for their usage (e.g. invasive tree species can still be used in
commercial forestry providing a permit is issued that specifies where they
may be grown and that permit holders “must ensure that the specimens of
the species do not spread outside of the land or the area specified in the
permit”).

» Category 3 are listed invasive species that can be kept without permits,
although they may not be traded or further propagated, and must be
controlled if they occur in protected areas or riparian zones. In essence,
this is for species that are being phased out—e.g., feature trees can be kept
(as it is too costly and unpopular to remove them), but they may not be
replaced.

In terms of the regulations, permits are required for the import of alien
species, and these will only be granted if a risk analysis is conducted and the
results deemed by the government to be acceptable (see Kumschick et al.
2020). However, 560 taxa have been listed as prohibited, i.e. an import permit
will not be considered for these species.

(continued)
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Box 1.1 (continued)

The regulations, amongst other things, also require the development and
adoption of management plans by organs of state; the development of a
register of state-funded research projects and results; and the production of a
national status report (Box 1.2).

Box 1.2 The First Status Report on Biological Invasions in South Africa
In terms of South African legislation (regulations under the National Environ-
mental Management: Biodiversity Act, Act 10 of 2004), the South African
National Biodiversity Institute (SANBI) has to submit a report on the status of
biological invasions, and the effectiveness of control measures and regula-
tions, to the Minister of Environmental Affairs every 3 years. The first report
was released in October 2018 (van Wilgen and Wilson 2018).

The report was compiled by a team from SANBI, in collaboration with the
Centre for Invasion Biology at Stellenbosch University, involving 37 contrib-
utors from 14 organisations. It is the first report globally that provides an
assessment of the status of all aspects of biological invasions at a national
level. It covers pathways of introduction and spread, the extent, abundance and
impact of individual species, and the richness and abundance of invasive
species in particular sites, and their collective impact on those sites. In
addition, the report assesses the effectiveness of control measures, and the
effectiveness of regulations on the control of alien species.

In order to report on these aspects, the team developed a set of indicators for
assessing status at a national level (Wilson et al. 2018). The framework of
indicators is intended to facilitate the inclusion of biological invasions in
environmental reporting at national and international levels.

Key high-level findings included that approximately seven new alien spe-
cies have recently been recorded as establishing annually at a national level;
that over 100 species were already having major impacts; that 1.4% of the
country was experiencing major impacts; and that management success levels
were around 5.5%. The level of confidence in these estimates was low,
however, because the data on which they were based were scattered and
incomplete (figure below).

(continued)
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Box 1.2 (continued)

2017

THE STATUS OF BIOLOGICAL
INVASIONS AND THEIR MANAGEMENT
IN SOUTH AFRICA

Much of the information collated in this book came from that compiled in South Africa’s
first national-level assessment of the status of biological invasions and their management and
an accompanying special issue of a journal (Wilson et al. 2017)

1.1.6 A Strong Research Tradition in Invasion Science

South Africa is one of the leading countries in terms of research on biological
invasions globally, and contributes well over half of the research on the topic in
Africa (PySek et al. 2008; Fig. 1.1f), with a strong collaborative network of
researchers (Abrahams et al. 2019; Fig. 1.1f). An active research interest in biolog-
ical invasions in South Africa dates back over 100 years, and this book builds, on
information contained in several previous reviews of the field (Fig. 1.4). The most
important of these are discussed briefly here.
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Biological control of invasive plants was arguably the first research-based activity
focused on biological invasions (Moran et al. 2013). In 1973, the biological control
research community held its inaugural meeting that ultimately was to be repeated
annually, and is ongoing. It has recently broadened to encompass all aspects of
biological invasions (Moran et al. 2013; Wilson et al. 2017). The biological control
research community has also, since 1991, produced a succession of comprehensive
reviews, at roughly 10-year intervals, of South African biological control projects
against individual invasive plant species or taxa (Hoffmann 1991; Olckers and
Hill 1999; Moran et al. 2011). The 2011 review included a catalogue of all species
considered, and papers on regulations and risk assessment, on mapping, and on cost:
benefit analyses.

Research on biological invasions gained momentum in the 1980s when South
Africa participated in the international SCOPE programme on biological invasions.
South Africa’s contribution to the SCOPE project (Macdonald et al. 1986) was also
the first comprehensive review of the field at a national level, and it included
historical aspects, accounts of invasion in terrestrial biomes and offshore islands,
current ecological understanding, impacts, and management. The SCOPE project on
biological invasions concluded with a global synthesis in 1989 (Drake et al. 1989), in
which South African authors provided chapters on invasive plant pathogens, aquatic
plants, Mediterranean-climate regions, and protected areas.

In 1998, the Forestry and Agricultural Biotechnology Institute (FABI) was
established at Pretoria University. Research at FABI, inter alia, considers the
pathogens and pests associated with native trees and woody hosts, many of which
are invasive. The achievements of FABI are summarised in Steenkamp and
Wingfield (2013), and Wingfield (2018).

In 2003, the Working for Water programme convened an interdisciplinary meet-
ing to address the ecology, economics, management and social impacts of biological
invasions (Macdonald 2004). Papers describing these topics were subsequently
published in a special issue of a local journal (van Wilgen 2004), and the meeting
provided one of the first opportunities for researchers from varied backgrounds
(including ecology, economics, engineering, hydrology and social sciences) to
collectively consider the issue of biological invasions.

In 2004, the DST-NRF Centre of Excellence for Invasion Biology (C-1-B) was
launched. This initiative provided access to significant funding for research into all
aspects of biological invasions at a national scale (van Wilgen et al. 2014), and
participants in the Centre’s programmes have subsequently made substantial inputs
into the field in South Africa and beyond (Richardson et al. 2020a, Chap. 30). For
example, in 2008 the Centre convened an international conference to review the field
of invasion ecology, held in Stellenbosch, South Africa (Richardson 2011). The
conference marked the 50th anniversary of the publication of Charles Elton’s
seminal book on the ecology of invasions (Elton 1958). As noted in the foreword
to the book produced out of the proceedings, the meeting stood out “as a guidepost
and a significant turning point for an entire field” (Mooney 2011). In 2008, the
Centre’s researchers also produced a special issue of a local journal that reviewed
riparian vegetation management in landscapes invaded by alien plants in
South Africa (Esler et al. 2008).
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In 2017, the Centre for Biological Control (CBC) was established at Rhodes
University. The Centre builds on existing research collaborations and seeks to
sustainably control environmental and agricultural pests for the protection of eco-
systems and the societies that depend on them, and to ensure that the maximum
benefits of biological control are realised through excellence in research, implemen-
tation and community engagement (van Wilgen 2020, Chap. 2).

Finally, in anticipation of the legal requirement to prepare a status report on
biological invasions in South Africa in 2017 (Box 1.2), the C.-I-B and the
South African National Biodiversity Institute convened a 3-day symposium (at the
43rd National Symposium on Biological Invasions) to assemble information that
could be used in the status report. It was the first meeting to consider the full
spectrum of issues pertaining to the research and management of biological inva-
sions across all taxa. This culminated in a special issue of a local journal (Wilson
et al. 2017) in which the status of introduction pathways, the status of taxa (plants
and animals) and their impacts, and the effectiveness of management were reviewed.

1.2 How Many Alien Species Are There in South Africa?

It is important to have an accurate picture of how many alien species have
established in the country, to know their status (sensu Richardson et al. 2011a;
Blackburn et al. 2011; Wilson et al. 2018), and to understand where they occur. Such
knowledge is necessary to underpin effective regulation, to prioritise species for
management, and to monitor their status. Lists are dynamic, subject to regular
change, and can differ greatly between curators. For example, Picker and Griffiths
(2017) documented that South Africa had 41 naturalised alien vertebrate species that
had their origins outside the geopolitical borders of the country. Van Wilgen and
Wilson (2018) included all alien vertebrate species, and so had a much higher
number (283), although they also provided a number of naturalised species as 45;
and in this book, Measey et al. (2020a) lists 30 terrestrial vertebrate species in
Chap. 5, and Weyl et al. 2020 lists 21 fish species in Chap. 6 (i.e. 51 naturalised
alien vertebrate species). These differences are partly attributable to differences in
definitions. In this book, we follow the scheme of Blackburn et al. (2011), and apply
the definitions of Richardson et al. (2011a). In brief, alien species are those that have
been moved over a natural geographic barrier, naturalised species are alien species
that have self-sustaining populations outside of captivity or cultivation over several
life-cycles, and invasive species are naturalised species that have dispersed and
formed new populations a considerable distance from the initial point of introduc-
tion. In large countries such as South Africa which have many biomes and a diversity
of climates, species can be both native and alien within the borders of the same
country. These species have been called “domestic exotics” (Guo and Ricklefs
2010), or “extra-limital species” (Foxcroft et al. 2017). Because they are shown as
native species in local guidebooks, they are sometimes ignored or not given the same
level of attention as species from other countries or regions. The number of species
for different taxonomic groups or habitats covered in this book are listed in Table 1.1;
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the total for South Africa stands at 1422 alien species that are naturalised or invasive in
the country.

1.3 Estimating the Cost of Invasions to South Africa

Biological invasions have economic consequences because they can substantially
reduce the flow of ecosystem services from invaded areas. According to one
estimate, the cost of invasive species amounts to more than US$300 billion per
year in the United States, British Isles, Australia, Europe, South Africa, India and
Brazil alone (Pimentel 2011). Preventing these losses, or restoring the flow of
services by removing the alien species concerned, also has a cost because the control
measures have to be paid for. Ideally, these parameters should be known, and the
decision to initiate control measures should take these into account by assessing
what the return on investment from control would be; in other words, control should
ideally be undertaken only where the estimated value of avoided or restored costs
exceeds the estimated cost of control.

Understanding the magnitude of impacts of invasive species would be a first step
towards estimating their costs. However, impacts have in most cases been poorly
quantified, and it is necessary to make assumptions when extrapolating to larger
spatial scales. Several South African studies have followed this approach. An early
South African example is provided by Higgins et al. (1997), who estimated that
ecosystem services arising from a hypothetical 4 km? area of mountain fynbos would
be worth US$3 million with no management of invasive species, compared to US
$50 million with effective alien plant management. Other studies followed (see Le
Maitre et al. 2011 for the most recent comprehensive review), but it was the
prediction that alien plant invasions would lead to substantial reductions in water
runoff from catchment areas (Le Maitre et al. 1996) that provided the economic
motivation to initiate large-scale alien plant control operations (van Wilgen and
Wannenburgh 2016). At the time, it was estimated that more water could be
delivered, at a lower unit cost, by integrating alien plant control with the mainte-
nance of water supply infrastructure, than without control (van Wilgen et al. 1996).
While further studies that quantified the economic impact of invasive species on
ecosystem services and returns on investment from control were subsequently
undertaken, they were all either focussed on a relatively small area (e.g. Hosking
and du Preez 2004 for selected project sites), or on a single species [e.g. De Wit et al.
2001 for Black Wattle (Acacia mearnsii); McConnachie et al. 2003 for Red Water
Fern (Azolla filiculoides); and Wise et al. 2012 for Mesquite (Prosopis species)].

In 2010, De Lange and van Wilgen (2010) attempted a national-scale estimation
of the economic losses due to invasive alien plants, with a focus on the value of water
resources, rangeland productivity, and biodiversity. These ecosystem services were
chosen because data were available to make the estimates possible. Their study
suggested that the value of annual losses of water resources amounted to US$773
million per year, and that the loss of livestock production from invaded natural
rangelands amounted to US$45 million annually. The losses due to reductions in
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biodiversity were conservatively estimated to be US$57 million per year. All of
these were predicted to grow as invasive species continue to spread, and as more
species become invasive. This remains the only study to provide economic estimates
at a national scale.

The full amount spent by South Africa on the control of alien species is
not known, but it amounts to at least ZAR 2 billion (US$142 million) each year,
this being the amount currently spent by the national government’s Department
of Environment, Forestry, and Fisheries (i.e. the Working for Water programme).
This is about 16% of the current estimate of costs (US$875 million per year). Both
are underestimates, as not all expenditure or impacts are accounted for. Rates of
return have yet to be estimated for this investment. A number of factors would need
to be taken into account here, including the current rate of spread of invasions, the
area that would be occupied if these species were allowed to invade all available
habitat, and the effectiveness of the control measures in reversing (or at least
slowing) the ongoing rate of spread. Indications are that the returns on investment
could well be positive, but that achieving a positive return would require increases in
management efficiency, and a focus on priority areas (van Wilgen et al. 2016).

While a few studies have attempted to estimate the returns on investment from
manual and chemical clearing of alien plants, most have had to be based on
assumptions, or have looked at relatively small areas, so the level of confidence in
the estimates is often low. The returns on biological control have been summarised
by van Wilgen and De Lange (2011). Their review suggests that biological control
programmes against invasive plants have been extremely economically beneficial,
delivering benefit:cost ratios of between 8:1 and 3726:1 at a national scale. Further
details of the costs of invasions, and the returns on investment from control are to be
found in Chaps. 15, 16, 21, and 22 (Le Maitre et al. 2020; van Wilgen 2020; van
Wilgen et al. 2020a; Davies et al. 2020).

1.4 Scope and Arrangement of This Book

In planning this book, we set out to compile an encyclopaedic reference to biological
invasions and their management in South Africa, with the aim of providing infor-
mation that can help current and future generations to deal more effectively with
invasions. The intended audience thus includes academics, post-graduate students,
policy makers, and conservationists.

The book is composed of 31 chapters (including this one) that are divided into
seven parts. The 104 contributing authors include academics, policy makers, con-
servationists, managers, and post-graduate students—representing a diverse range of
expertise on biological invasion in South Africa and beyond.

Part I (Chaps. 1 and 2) provides a broad overview of biological invasions in
South Africa, to set the scene for the material that follows (van Wilgen et al. 2020a,
this chapter), and gives a selective account of some of the South African researchers
and research initiatives in this field over the past 130 years (van Wilgen 2020,
Chap. 2). It is evident that South Africa has made a disproportionate contribution
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to the developing field of invasion science, arising from a small, well-connected, and
highly collaborative research community.

Part II (Chaps. 3—11) deals with the current situation. The first chapters focus on
specific taxa—terrestrial plants (Richardson et al. 2020b), aquatic plants (Hill et al.
2020a), terrestrial vertebrates (Measey et al. 2020a), terrestrial invertebrates (Janion-
Scheepers and Griffiths 2020), and pathogens that affect mammals, including
humans (van Helden et al. 2020). The ecology of diseases, such as those covered
by van Helden et al. (2020), has not yet been integrated within the invasion science
agenda in South Africa. It is hoped that the inclusion of this chapter will stimulate
further work to explore the links between disease ecology and invasion science (cf.
Ogden et al. 2019). The remaining chapters focus on specific areas that are
invaded—freshwater ecosystems (Weyl et al. 2020), coastal marine ecosystems
(Robinson et al. 2020), offshore sub-Antarctic islands (Greve et al. 2020), and
urban settings (Potgieter et al. 2020). Most invasive alien species in South Africa
are plants (Table 1.1), and these are consequently best understood. Invertebrates are
also important, but are less well documented. Other groups (e.g. birds, reptiles and
amphibians) have markedly fewer invasive species, and our understanding of marine
and microbial species is still very limited.

Part III (Chaps. 12—-14) details the underlying factors influencing invasions—
how species arrived in South Africa, and how they were dispersed once they got here
(Faulkner et al. 2020); the environmental factors, including geomorphology, soils,
climate, extreme events (specifically droughts and floods), fire, and land uses that
influence the success of alien species (Wilson et al. 2020a); and the role of symbiotic
interactions in affecting biological invasions in South Africa (Le Roux et al. 2020).
Many early introductions were deliberate, but accidental introductions are increasing
in importance. The high diversity of alien plants that have established is in part due
to the wide range of environmental conditions across the country, but successful
establishment can be limited by fire and aridity. Biotic interactions also play a role,
with examples documented of parasitism and mutualism and how these relate to
various ecological and evolutionary hypotheses aimed at explaining invasions. But it
is clear there is much scope for further research.

Part IV (Chaps. 15-17) addresses why invasive species are important in the
South African context, dealing with water resources (Le Maitre et al. 2020), range-
land productivity (O’Connor and van Wilgen 2020), and biodiversity (Zengeya et al.
2020). As in the rest of the world, the impacts of invasive species have not been
adequately documented, but enough research has been done to examine particular
aspects. Invasive trees and shrubs are estimated to be reducing the national mean
annual runoff by almost 3%, and reductions in some key catchments are much
higher. The productivity of rangelands has been reduced by about 1%, but this
will almost certainly increase as aggressive invasive plants spread. Formal assess-
ments of the impact of individual alien species on biodiversity have only recently
been initiated, but red-listing processes suggest that alien species constitute a
significant extinction risk for several native species of fish, amphibians and plants.

Part 'V (Chaps. 18-25) covers aspects of the management of invasions in
South Africa. The first traces the development of policy from the first legislation
passed in 1861 to the current day (Lukey and Hall 2020). The next charts progress
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with the development of a system of preventative measures and risk assessments
(Kumschick et al. 2020). The following chapters focus on control and rehabilita-
tion—biological control of invasive plants (Hill et al. 2020b), mechanical and
chemical control of alien plants (van Wilgen et al. 2020a), ecosystem restoration
(Holmes et al. 2020), and alien animal control (Davies et al. 2020) (note: the
management of aquatic plants and alien species on offshore islands are covered in
Part II, together with the status of those invasions). Finally, the human dimensions
affecting alien species control projects are addressed in terms of the evidence for
how people cause invasions, how they conceptualise them, what effects invasive
species have on people, and how people respond to them (Shackleton et al. 2020,
Chap. 24). Chapter 25 covers education, training and capacity-building (Byrne et al.
2020). Currently, South Africa has strong legislation that supports management, but
the capacity to enforce it is low. There has been good progress towards gaining
control of invasions in some areas, but invasions continue to increase at a national
scale. A notable exception is those plant species that have been brought under
effective biological control. Perceptions of biological invasions are poorly under-
stood across much of society, and increased education and outreach is needed to
address this.

Part VI (Chaps. 26-30) explore additional aspects relevant to biological inva-
sions. We have included two chapters that list plant (Pysek et al. 2020, Chap. 26) and
animal species (Measey et al. 2020b, Chap. 27) that are native to South Africa and
that have become established in other parts of the world. The next chapter addresses
the issue of the two-way flow of information between researchers and managers of
biological invasions in South Africa, with emphasis on barriers to flow as well as the
mechanisms that have been set up to improve information flow (Foxcroft et al. 2020,
Chap. 28). The next chapter reports on a study based on over 2000 South African
research papers that sought to document the impacts of global change drivers on
biodiversity and ecosystem services (van Wilgen et al. 2020b, Chap. 29). The drivers
included biological invasions, climate change, overharvesting, habitat change, pol-
lution, and atmospheric CO,. The intent was to gauge the relative research effort
directed towards understanding the impact of biological invasions on biodiversity
and the utility of terrestrial, freshwater and marine ecosystems respectively, com-
pared to other drivers of global change. Interestingly, the long-cited statement that
invasive species pose the second-largest threat to biodiversity conservation is
reflected in South African research effort, but the relative research effort into drivers
of change differs between realms, with habitat change, pollution and overharvesting
being the most important in terrestrial, freshwater, and marine/estuarine ecosystems,
respectively. The achievements of the Centre for Invasion Biology in advancing the
science of biological invasions is the subject of a third chapter (Richardson et al.
2020b, Chap. 30).

In Part VII, we conclude with an evaluation of possible futures (Wilson et al.
2020b, Chap. 31). How are the actions that we take over the next five and next fifty
years likely to affect the issue of biological invasions 200-2000 years from now?
This chapter concludes that, in part based on the insights from this book, there are
some actions that we as South Africans can take so that the next generation can
decide what they want their future to be.
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1.5 Conclusions

South Africa is a highly diverse country. This has created opportunities for inva-
sions, but also increases the onus on us to try to manage the impacts that they cause.
The problem of invasions seems daunting, but in tracking what we know now we can
chart a course to a future we desire. The science and practice of biological invasions
has come a long way over the past two centuries in South Africa, but much remains
to be done. Control operations are struggling to keep pace with the increasing
number and extent of invasive species, and conflicts of interest or differences in
perceptions complicate management. We hope this book will provide the foundation
for improved management of biological invasions in the future.
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Chapter 2 ®)
A Brief, Selective History of Researchers e
and Research Initiatives Related

to Biological Invasions in South Africa

Brian W. van Wilgen

Abstract This chapter provides an overview of the researchers and research initia-
tives relevant to invasion science in South Africa over the past 130 years, profiling
some of the more recent personalities, particularly those who are today regarded as
international leaders in the field. A number of key points arise from this review.
Since 1913, South Africa has been one of a few countries that have investigated and
implemented alien plant biological control on a large scale, and is regarded as a
leader in this field. South Africa was also prominent in the conceptualisation and
execution of the international SCOPE project on the ecology of biological invasions
in the 1980s, during which South African scientists established themselves as
valuable contributors to the field. The development of invasion science benefitted
from a deliberate strategy to promote multi-organisational, interdisciplinary research
in the 1980s. Since 1995, the Working for Water programme has provided funding
for research and a host of practical questions that required research solutions.
Finally, the establishment of a national centre of excellence with a focus on biolog-
ical invasions has made a considerable contribution to building human capacity in
the field, resulting in advances in all aspects of invasion science—primarily in terms
of biology and ecology, but also in history, sociology, economics and management.
South Africa has punched well above its weight in developing the field of invasion
science, possibly because of the remarkable biodiversity that provided a rich tem-
plate on which to carry out research, and a small, well-connected research commu-
nity that was encouraged to operate in a collaborative manner.
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2.1 Introduction

There have not been any formal studies that address the development of invasion
science in South Africa, but in 1982 Moran and Moran (1982) published a bibliog-
raphy of historical publications about invasive alien plants in natural and semi-
natural environments in this country. Their search covered the period from 1830 up
to and including 1982 and had a focus on publications dealing with the ecology and
biology of alien plant species; references to taxonomic papers and to agricultural
weeds or native plants were not included. The bibliography lists 457 publications,
one dating back to 1858 (implying that there were no publications in this field in
South Africa between 1830 and 1858); the 1858 paper was simply a list that included
some alien plants in the Cape Town botanical garden (McGibbon 1858). Bolus
(1886) made passing reference to potentially invasive plants in his lists of
South African flora, but it seems that the first research- or ecology-based report on
an invasive plant species in South Africa was that by Fischer (1888) who dealt with
Opuntia ficus-indica (Mission Prickly Pear) and cochineal insects (Dactylopiidae).
This was followed by a spate of papers over the next 50 years that were overwhelm-
ingly dominated by reports that addressed the problem of O. ficus-indica, and then
later dealt also with Opuntia aurantiaca (Jointed Cactus).

Although over 100 papers were published prior to the 1960s, the production of
publications increased markedly thereafter, as a result of increased research activity
from the late 1960s (Fig. 2.1). Many of the 457 papers listed by Moran and Moran
(1982) were on cactus species in the genus Opuntia, with 38% of all published
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Fig. 2.1 The cumulative number of published studies related to biological invasions per decade up
to the late 1980s. Data for plants are from Moran and Moran (1982) for the period 1830 and 1982,
and data for aquatic animals are from Bruton and Merron (1985) for the period 1859 and 1985.
See Sect. 30.3.1 in Richardson et al. (2020) for details of publications from the Centre for Invasion
Biology
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accounts (173 publications). Other important taxa listed were Australian wattles in
the genus Acacia (130 publications, or 163 if those on the closely-related genus
Albizia are included), aquatic plants in the genera Azolla, Eichhornia, Pistia and
Salvinia (115 publications), Australian shrubs in the genus Hakea (83 publications),
Lantana camara (Lantana, 49 publications), and pine trees (genus Pinus,
47 publications).

In 1985, Bruton and Merron (1985) published a similar bibliography of alien and
translocated aquatic animals in southern Africa. This bibliography listed 582 publi-
cations dating back to 1859, with a marked increase in publications from the 1960s
onwards (Fig. 2.1). The bulk of these publications (466) were about fish, with
invertebrates (65 papers) and birds (41 papers) also receiving attention. By far the
most attention was paid to trout (genus Salmo, 262 papers), with carp (genus
Cyprinus), bass (genus Micropterus) and bluegills (genus Lepomis), respectively,
each with over 100 listed papers. It is clear from this bibliography that early science
in the field was concerned with acclimatising and establishing alien fish species,
rather than with their spread and potentially negative impacts. During this early
period, the most prolific author was A.C. Harrison. Harrison was a fisheries officer
with the Cape Provincial Administration for over 40 years, and between 1934 and
1982 he published at least 81 papers (many more were published by him as an
anonymous author, Bruton and Merron 1985). In a tribute to Harrison after his death,
Dr. Douglas Hey (former director of the Cape Provincial Nature Conservation
Department) recalled that “he and I travelled many thousands of miles together,
surveying and stocking inland waters” (Hey 1981). Hey also noted that “today the
introduction of alien species is not favoured, but it must be remembered that in those
days Nature Conservation was still an unknown concept, and the sole objective of
the provincial service was to improve angling”.

Bruton and Merron’s (1985) bibliography of aquatic alien animals also lists four
marine alien species, noting that “this aspect has received little attention and more
invasive [marine] species may be found in future”. Work on marine alien species
only began in the early 1990s, when Prof. Charles Griffiths of the University of Cape
Town compiled a list of 15 known marine alien species in South Africa at that time
(Griffiths et al. 1992). Research on marine bio-invasions in South Africa is therefore
relatively recent (Griffiths et al. 2009), and has been characterised by a rapid rate of
discovery of introductions. Griffiths’ former PhD student, Dr. T.B. (Tammy) Rob-
inson reports elsewhere in this volume that 95 marine alien species are now known
from the South African coast, of which 56 have spread from their points of
introduction to become invasive (Robinson et al. 2020, Chap. 9).

In this chapter, I provide a synopsis of the historical development of invasion
science in South Africa over the past 130 years. For the purposes of this chapter,
invasion science is considered to be “the full spectrum of fields of enquiry that
addresses issues pertaining to alien species and biological invasions, [and embrac-
ing] invasion ecology, but increasingly involving non-biological lines of enquiry,
including economics, ethics, sociology, and inter- and transdisciplinary studies”
(Richardson et al. 2011). This spectrum covers various stages of invasion (from
pre-introduction through to naturalisation, expansion and dominance), and includes
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invasion patterns and processes as well as management and remediation (van Wilgen
et al. 2014).

The account is centred on idiosyncratically-chosen and divergent initiatives and
programmes that ran, often concurrently, in the twentieth century and beyond, and
that are dealt with in chronological order according to the date of their inception. The
overviews are selective, but they cover, in my opinion, the most important contri-
butions that have been made to invasion science, and the people that have made
them. This chapter focusses on invasion science in South Africa, i.e. scientific
studies relating to alien species and biological invasions, and it does not cover the
history of introductions of alien species themselves, as this is covered elsewhere in
this book (Faulkner et al. 2020, Chap. 12). There has been legislation of aspects of
the problem in South Africa since 1861, and the development of policy and
legislation in this regard is also covered elsewhere in this book (Lukey and Hall
2020, Chap. 18). My focus here is also restricted to studies that relate to alien species
and does not include studies of native species that have spread, for example bush
encroachment by native trees and shrubs, or range expansion by native animals.
Finally, this account is restricted to studies of alien species that invade natural
ecosystems and does not address weeds or pests of agricultural systems.

2.2 Biological Control of Invasive Plants: Research
and Implementation 1913-Present

The practice of controlling invasive alien plants by using host-specific insects, mites
or pathogens from the target plants’ native range has a long history in South Africa,
starting with the introduction in 1913 of the cochineal insect Dactylopius ceylonicus
as a biological control agent against Opuntia monacantha (Drooping Prickly Pear).
At the time, the cactus was highly invasive along the coast from the Western Cape to
Durban (Lounsbury 1915; Moran et al. 2013). This was followed by further projects
that sought to control other invasive cacti in South Africa in the 1930s. However, it
was not until the late 1960s that attempts to locate, introduce and establish biological
control agents on alien plants that invaded natural ecosystems began in earnest.
There have been many notable successes, and the latest assessment (van Wilgen and
Wilson 2018) shows that biological control agents have been established on 60 inva-
sive alien plant species in South Africa, with 15 alien plant species now under
complete control, with a further 19 species under a substantial degree of control (see
also Zachariades et al. 2017; Hill et al. 2020, Chap. 19). Today, biological control is
practiced in over 90 countries worldwide, with South Africa being one of five
nations that have been at the forefront of development in this field (the others are
Australia, Canada, New Zealand and the United States of America; Moran and
Hoffmann 2015).



2 A Brief, Selective History of Researchers and Research Initiatives 37

Fig. 2.2 Dr David Paul
Annecke, widely regarded
as the founder of recent
research initiatives (from the
early 1960s) on invasive
alien plant biological control
in South Africa. Photo
courtesy of the National
Collection of Insects, PPRI

2.2.1 Biological Control Research at the Plant Protection
Research Institute

Dr David Paul Annecke (1928-1981) is widely regarded as the founder of invasive
alien plant biological control in South Africa (Fig. 2.2). In the early part of his career,
Annecke spent time in California, Australia and South America. After obtaining his
DSc degree (cum laude) in entomology from the University of Pretoria in 1965, he
used his position as head of the Biological Control Section of the Plant Protection
Research Institute (PPRI) within the Department of Agriculture (later the Agricul-
tural Research Council) to launch the careers of what was to become a productive
team of biological control scientists. He went on to become Deputy Director (1975)
and Director (1979) of PPRI, but continued to remain active in research. Gifted with
a brilliant intellect and strong leadership capabilities, he nurtured others while
always holding them to his own exacting standards (Moran and Prinsloo 1981).
Sadly, he was to take his own life at the age of 52, the day after he submitted the
complete manuscript of a book entitled “The insects and mites of cultivated plants in
South Africa” (Annecke and Moran 1982).

One of Annecke’s first initiatives was to select a small group from the PPRI to
re-start alien plant biological control research and implementation in South Africa.
He perceptively chose Stefan Neser, and then later, Helmuth Zimmermann and
Carina Cilliers, as his core group. Neser completed his PhD from the Australian
National University in 1968, where he was mostly interested in potential biological
control agents for use against Hakea shrubs. Neser rapidly became known as an
explorer and naturalist extraordinaire—if Annecke was the founder of plant biolog-
ical control in this country, Neser was the undisputed catalyst for much that
happened in this field in South Africa from the 1960s onwards. He discovered scores
of new species and genera of plant-feeding insects and pathogens, and discovered
more than 100 new species of mites, and is still discovering new species. In 1986, he
won the Dave Annecke Award from the South African Weed Science Society, and in
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1994 the Senior Captain Scott Medal for his outstanding research contributions to
biological control science.

Helmuth Zimmermann obtained a PhD degree at Rhodes University, graduating
in 1980. In 1968, he joined the staff of the PPRI, and was sent to Argentina
(1969-1973) to study the natural insect enemies of invasive cacti of South American
origin. In 1992, he became the Division Manager of Weed Research at the PPRI.
When the South African government initiated the Working for Water programme in
1995 (hereafter WfW, see Sect. 2.10), Zimmermann approached WfW’s Steering
Committee, outlining the available expertise in biological control, and stressing the
importance of the approach. As a result, WfW generously funded (and continues to
fund) research into biological control. The situation was later summarised by
Zimmermann et al. (2004) as follows: “There is little doubt, in retrospect, that if it
had not been for the active intervention of Working for Water, the practice of weed
biological control in South Africa would have languished, perhaps almost stopped.
Invasive alien plant biological control research and support personnel at the PPRI
are beleaguered by numerous regulatory, political and financial restraints, but the
funding and support from Working for Water has at least stabilised the situation,
and, in many respects, has invigorated the practice”.

Carina Cilliers obtained her undergraduate degree from the University of Pretoria,
and initially worked on the biological control of pests of cotton and citrus. Following a
sabbatical in Australia in 1974, she focussed her efforts on the biological control of
alien plants invading natural ecosystems. She was responsible for the introduction of
16 species of natural enemies on Lantana camara (Lantana), six of which established,
substantially reducing the invasiveness of this species. The evaluation of the effect of
the insects on Lantana earned her a PhD from Rhodes University in 1982. After 1985,
her research centred on controlling several invasive alien aquatic plant species. She
was responsible for introducing successful biological control agents against Salvinia
molesta (Kariba Weed) and Pistia stratiotes (Water Lettuce). She worked towards
developing an integrated control project for water hyacinth locally, where “the most
difficult part ... was to win over successive managers to giving biological control a
fair chance” (Anon. 2005). She has received several awards for her work, including
the Dave Annecke Award from the South African Weed Science Society.

Following Annecke’s death in 1981, research continued at the PPRI, and the role
of academic mentor in the field was adopted by Prof. Vincent C. (Cliff) Moran (van
de Venter 1999). Moran’s interests in biological control were aroused by Annecke in
1972, while Moran was a lecturer in entomology at Rhodes University. Moran went
on to become Dean of Science at Rhodes in 1983, and then Dean of Science at the
University of Cape Town in 1986. Despite the demands of these posts, he remained
active in the field of biological control. He always insisted that South African
invasion scientists should conform to the highest international standards, and his
role in ensuring that South Africa became one of the leading nations in the field of
invasive alien plant biological control has been pivotal (van de Venter 1999).

The plant biological control community (as it refers to itself) has, since 1973, held
annual meetings to discuss issues relating to their work. The first meeting, convened
by Moran at Rhodes University, was attended by five people. These meetings have
expanded in size over time both in terms of attendees and topic. By 2016 the meeting
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had split in two, with an annual symposium on all aspects of biological invasions in
South Africa, hosting over 150 delegates, and a continuation of the biological control
technical meeting that was smaller and much more focussed. This escalation in
participants is regarded as a tribute to the involvement of WfW, which has been a
staunch supporter of invasive plant biological control (Moran et al. 2013). The
biological control research community has also produced regular comprehensive
reviews of biological control projects in South Africa (Hoffmann 1991; Olckers and
Hill 1999; Moran et al. 2011).

The many successes achieved in the biological control of invasive plants in
South Africa have been the result of long-standing personal friendships and research
synergies among scientists of differing strengths and talents, from state and
university-based organisations. This is illustrated by the trio of Cliff Moran,
Helmuth Zimmermann and John Hoffmann (Prof. John Hoffmann was a graduate
of Rhodes University and one of Moran’s PhD students, later joining Moran at the
University of Cape Town). Hoffmann is an acclaimed and innovative researcher
with broad experience across all phases of biological control science; Moran an
effective scientific facilitator and manager as well as a vigorous proponent for
South African invasive alien plant biological control, nationally and internationally;
and Zimmermann is the world-leading expert in cactus biological control. Together
(Fig. 2.3) they provide an excellent example of inter-institutional and personal

Fig. 2.3 Helmuth Zimmermann, John Hoffmann and Cliff Moran (left-right) at the XIV International
Symposium on Biological Control of Weeds in 2014. The meeting, held in Skukuza, Kruger National
Park to mark 100 years of invasive alien plant biological control in South Africa, was attended by
154 delegates representing all continents except Antarctica. Photograph courtesy of John Hoffmann
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cooperation (e.g. Hoffmann and Moran 1998; Moran et al. 2005) in a partnership
that has been sustained for more than four decades.

2.2.2 Establishment of the Centre for Biological Control

In 2002, stakeholders in teaching, research and implementation of biological control
at Rhodes University combined as an informal research team—the Biological
Control Research Group—where work began on biologically-based techniques
against threats to agriculture, animals and humans. This group continued to grow
and on 2 November 2017, the Centre for Biological Control (CBC) was officially
launched. The CBC is headed by Prof. Martin Hill (Fig. 2.4), a PhD graduate of
Rhodes University who worked on biological control at the PPRI from 1995 to 2002
and moved to Rhodes University as Head of Entomology in 2002. The CBC
conducts research into biological control and has state-of-the-art quarantine facilities
funded by the Department of Environmental Affairs. Besides research and the
training of post-graduate students (Fig. 2.5), the CBC also raises biological control
agents for release against invasive plant populations across South Africa. These
biological control agents are available for free to researchers, implementation offi-
cers, and managers involved in alien plant control. The CBC is also a collaborative
effort, operating in partnership with the PPRI, the University of Cape Town, the
University of KwaZulu-Natal and Wits University (which together comprise a

Fig. 2.4 Guy Preston, Deputy Director-General in the Department of Environmental Affairs and
leader of the Working for Water programme since its inception in 1995, with Martin Hill (Rhodes
University) at the mass-rearing facilities for biological control agents, during the launch of the
Centre for Biological Control in November 2017. Photograph courtesy of the Centre for Biological
Control, Rhodes University
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Fig. 2.5 Post-graduate students at the Centre for Biological Control, Rhodes University (from left
to right: Sandiso Nguni, Guy Sutton, Sonia Kenfack-Voukeng, Thifhelimbilu Mulateli, Ben Miller,
Zolile Maseko, Ikponmwosa Egbon, Sinoxolo Nombewu and Lumka Mdodana). Photograph
courtesy of the Centre for Biological Control, Rhodes University

research-staff complement of nearly 40 people, excluding post-graduate students and
support staff). The role of the CBC has been exemplary in demonstrating that,
besides the obviously beneficial consequences of rigorous research in enhancing
an understanding of invasions, there are considerable opportunities for cooperation
between research organisations and the wider community. This includes an impres-
sive record of educational and outreach activities at schools, and with the wider
public, and opportunities for innovation. For example, the CBC’s ‘People with
Disabilities’ program provides full-time employment to a team of disabled people
who manage large and complex mass-rearing facilities, a globally unique initiative in
biological control (Martin et al. 2018).

2.3 The South African Forestry Research Institute
(1936-1990)

In 1936, the Department of Forestry initiated a research program at Jonkershoek,
near Stellenbosch in the Western Cape, to investigate the effects of afforestation with
alien pine trees (Pinus radiata, Monterey Pine) on the hydrology of water catchment
areas in the region. These studies, initially led by Prof. Christiaan L. Wicht
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Fig. 2.6 Christiaan L. Wicht (a) was responsible for the initiation of long-term ecological studies at
Jonkershoek in 1936. The studies, funded by the Department of Forestry for over half a century,
were later continued and expanded by Frederick J. Kruger (b) between 1977 and 1990. Photographs
courtesy of: (a) Archives of CSIR Natural Resources and the Environment, Stellenbosch; (b)
Laurence Kruger

(1908-1978, Fig. 2.6), ultimately continued for 60 years, and were to be very
influential in developing ideas around the effects of alien tree invasions on the yields
of water from catchments (van Wilgen et al. 2016). Wicht was commissioned by the
Royal Society of South Africa to draft a committee report on threats to the vegetation
of the southwestern Cape in 1945 (Wicht 1945). In it, he stated that “suppression
through the spread of vigorous exotic plant species” was “one of the greatest, if not
the greatest, threats” to the preservation of local natural vegetation. However, it was
not until 1977 that the first study that specifically addressed the impacts of invasions
was published by one of Wicht’s students, Dr Frederick J. Kruger (Kruger 1977;
Fig. 2.6). Kruger’s paper contained the first explicit prediction that invasions by
alien trees could have serious consequences for water resources. Kruger
(1944-2017), a fifth generation forester, was a pioneer in the field of forest hydrol-
ogy and fynbos and invasive species ecology, and he made important contributions
in the fields of ecology and forestry science in South Africa. He was to go on to
become the Officer-in-Charge of the Jonkershoek Forestry Research Centre in 1974,
and then the Director of the South African Forestry Research Institute in 1985. He
was responsible for appointing, supervising and mentoring a number of scientists
who themselves went on to pursue productive careers in invasion science in
South Africa. These included David C. Le Maitre, David M. Richardson, and
myself, all of us being forestry graduates from Stellenbosch University, and who
worked under Kruger’s guidance at Jonkershoek.

Richardson studied for his MSc and PhD degrees under the guidance of Dr
Eugene Moll and Prof. Richard M. Cowling at the University of Cape Town, and
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Brian van Wilgen at Jonkershoek. Richardson’s post-graduate studies focused on the
ecology, impacts and management of trees and shrubs in the genera Pinus and Hakea
(Richardson 1985, 1989).

The research group at Jonkershoek were also responsible for publishing the first
papers that attempted to identify why some closely-related species were more
invasive than others (van Wilgen and Siegfried 1986; Richardson et al. 1987). The
South African Forestry Research Institute was shut down in 1990, but the work that
was initiated there continued, as the South African Forestry Research Institute’s
research centres and their staff were all absorbed into the newly-created Division
of Forest Science and Technology in the Council for Scientific and Industrial
Research (CSIR), with Kruger assuming duties as Director.

2.4 The Establishment of Long-Term Monitoring Plots
(1966—Present)

Hugh C. Taylor (1925-1999, Fig. 2.7), another Stellenbosch forestry graduate, was
remarkable for his broad grasp of the historical context of the problem of invasive
plants in the Cape Floral Region, particularly, and certainly ahead of his time, in
thinking through and advocating strategies for their suppression (Taylor 1969a). In
the 1960s, he established a series of vegetation plots on the Cape Peninsula that were
to become the basis for the long-term monitoring of alien vegetation (Taylor 1969b).
They were the earliest, and as far as I am aware the only, attempt to monitor alien
vegetation over the long term in South Africa. Taylor was employed by the Depart-
ment of Agriculture as a fire ecologist at Stellenbosch (1962—-1964) before being
appointed to the Botanical Research Institute in 1964 (McDonald et al. 2000).
Taylor’s plots were resurveyed by Macdonald et al. (1989), where it was shown
that control efforts were ineffective until a systematic clearing plan was put in place.
Privett et al. (2001) again resurveyed these plots and were able to show which native
species had been affected by invasion and subsequent control efforts over the past

Fig. 2.7 Hugh C. Taylor
(1925-1999), an ecologist
with the Botanical Research
Institute, who in the 1960s
established a unique set of
plots that have been used to
monitor the effects of
invasive alien plants on
native vegetation in the
long-term. Photograph by
Adela Romanowski,
reproduced with permission
from Bothalia
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35 years. Finally, the plots were surveyed again by Slingsby et al. (2017), who
documented a significant decline in the diversity of the vegetation driven by increas-
ingly severe post-fire summer weather events as well as the legacy effects of
historical woody alien plant invasions 30 years after clearing. These insights are
extremely informative, and it is to be regretted that there are not more examples of
long-term monitoring sites. In fact, the absence of rigorous monitoring of alien
species has emerged as a serious weakness in South Africa’s alien species control
measures (van Wilgen and Wilson 2018; van Wilgen et al. 2020b, Chap. 21).

2.5 The Scope Project on the Ecology of Biological
Invasions (1980-1989)

In 1980, a group of South African and international scientists were involved in a
workshop that followed the Third International Conference on Mediterranean Eco-
systems held in South Africa. The workshop took place in the coastal town of
Hermanus, where alien trees were clearly invading natural ecosystems on the
mountain slopes above the workshop venue. Fred Kruger and Prof. Harold
A. (Hal) Mooney (of Stanford University in the USA) discussed this unexpected
phenomenon one evening while walking to dinner. The discussion sowed the seeds
that were to lead to the formation of the international SCOPE programme on
biological invasions (Simberloff et al. 2017), in which South Africa was a prominent
participant (Ferrar and Kruger 1983). An important contributor in this project was Dr
JTan A.W. Macdonald who was based at the Percy Fitzpatrick Institute for African
Ornithology at the University of Cape Town, where he was registered as a PhD
student (Fig. 2.8). Macdonald gathered an impressive volume of baseline data on
alien plant invasions in South Africa (see, for example, Macdonald and Jarman
1984; Macdonald and Jarman 1985; Brown et al. 1985; Macdonald et al. 1985).
Macdonald, along with A.A. (Tony) Ferrar from the CSIR (see below), arranged a
series of symposia and workshops that culminated in South Africa’s contribution to
the SCOPE project, a multi-author book published in 1986 (Macdonald et al. 1986).
The SCOPE project brought together scientists from a range of disciplines in
academia and government and resulted in productive research collaborations. The
book edited by Macdonald, Kruger and Ferrar contained 25 chapters involving
52 authors, and covered historical aspects, accounts of invasion by plants and
animals in terrestrial biomes and offshore islands, current ecological understanding,
impacts, and management. The SCOPE project on biological invasions concluded
with a global synthesis in 1989 (Drake et al. 1989), with four of the 22 chapters
(on invasive plant pathogens, aquatic plants, Mediterranean-climate regions, and
protected areas) being written by South African authors. Through their participation
in the SCOPE project, South African invasion scientists established themselves as
important contributors to the field. lan Macdonald’s doctoral study on the conser-
vation implications of biological invasions in southern Africa, together with the
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Fig. 2.8 DrIan A.W. Macdonald, who played a leading role in the SCOPE project on the ecology
of biological invasions and led the editing of South Africa’s first scientific review of the field. He is
seen here on a more recent survey of invasive alien plants in KwaZulu-Natal. Photograph courtesy
of Jan Macdonald

products of the international working group that he and Prof. Michael Usher
coordinated on invasions into protected areas, emphasised, for the first time, just
how important the management of biological invasions would be for attempts to
protect the world’s biodiversity (Usher et al. 1988; Macdonald et al. 1989). The
efforts of this international working group provided the impetus for the formation of
the first [IUCN specialist group on biological invasions, the Invasive Species Spe-
cialist Group.

2.6 The NPER Sub-Programme on Invasive Biota
in the CSIR (1982-1985)

Between 1972 and 1985, the CSIR implemented the National Programme for Eco-
system Research (NPER) to address a wide diversity of complex environmental
problems that required a multi-organisational, interdisciplinary research approach
(Huntley 1987). The programme, later administered by the CSIR’s Foundation for
Research Development, provided unprecedented opportunities for cooperative eco-
logical research in South Africa. The central goal of the programme was to develop a
predictive understanding of the structure, functioning and dynamics of South African
terrestrial and inland water ecosystems (Huntley 1987). A sub-programme, entitled
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“Invasive biota”, ran from 1982 to 1985 under the auspices on the NPER, resulting in
five papers published in the peer-reviewed literature, and five reports, arising from
10 funded projects (Huntley 1987). Essentially, the NPER sub-programme on invasive
biota was set up to co-ordinate South Africa’s contributions to the SCOPE project on
the ecology of biological invasions, an undertaking that would require collaborative
and multi-disciplinary approaches. The sub-programme was administered by Tony
Ferrar of the CSIR, with substantial inputs from Ian Macdonald and others.

2.7 Research Conducted by the Scientific Services Division
of South African National Parks (1987—-Present)

The Scientific Services Division of South African National Parks (SANParks)
conducts research relevant to the ecology and management of national parks in
South Africa. Initially, very little if any of this work addressed invasive alien species,
although the Kruger National Park (KNP) botanist Dr Willem Gertenbach collabo-
rated in the 1980s with Ian Macdonald to develop a list of invasive alien species in
KNP (Carruthers 2017). At the instigation of Helmuth Zimmermann, Ken Maggs of
the KNP released the first biological agent there, in 1987, against Opuntia stricta
(Australian Pest Pear) the major invasive alien plant in the KNP at the time. For a
short period in the early 1990s, this project, and alien plant control generally, became
the responsibility of David Zeller of the KNP, and his outside collaborators, and the
latter have maintained the O. stricta programme for 25 years since then (Hoffmann
etal. 1998; J.H. Hoffmann, pers. comm. 2019). In the mid-1990s, Wayne Lotter took
over from Dave Zeller and was responsible for the research on invasive plants in the
KNP (Lotter and Hoffmann 1998). Lotter (Fig. 2.9) left the KNP to work on elephant
conservation projects in Tanzania, successfully raising funds that ultimately led to
the exposure and conviction of wildlife poachers and traffickers. As a result, he
received several death threats, and was murdered in Dar Es Salaam on 16 August
2017.

Lotter’s position at Scientific Services in the KNP was filled by Dr Llewellyn
Foxcroft, at the time a PhD student of Richardson at the University of Cape Town.
Foxcroft’s work has covered numerous aspects of invasion science (mainly focused
on the KNP), including documenting the history of management as well as the
history of alien species introductions (e.g. Foxcroft and Freitag-Ronaldson 2007),
developing systems for monitoring and control, and documenting the occurrence of
alien species in protected areas globally (Foxcroft et al. 2013).

In 2008, SANParks opened the Cape Research Centre at Tokai in the
Table Mountain National Park. Prof. Melodie McGeoch (Fig. 2.10) headed the
centre until she emigrated to Australia in 2012. McGeoch initiated an ambitious
project that examined the extent and consequences of several elements of global
change on national parks in South Africa, including biological invasions. Following
McGeoch’s departure, Dr Nicola van Wilgen (another of David Richardson’s former
PhD students, Fig. 2.10) continued the project and led the completion of the final
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Fig. 2.9 Wayne Lotter, who initiated some of the first scientific studies on alien plant control in the
Kruger National Park. Photograph courtesy of Krissie Clark/PAMS Foundation

Fig. 2.10 Melodie McGeoch (a) who was the first manager of South African National Parks’ Cape
Research Centre, and who conceptualised the project that examined the impact of global change
drivers (including invasions) on South Africa’s national parks. The report was completed by Nicola
van Wilgen (b) after McGeoch had emigrated to Australia in 2012. Photographs courtesy of: (a)
Melodie McGeoch; (b) Nicola van Wilgen

report (van Wilgen and Herbst 2017). The report provided a detailed account of the
situation across SANParks’ estate, listing 869 alien species in 19 national parks, and
concluding that greater attention would need to be paid to the development of
outcomes-based monitoring procedures, and of standardised operating procedures
and frameworks to guide management, both of which are currently weak.
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2.8 Research on Alien Plant Invasions at the CSIR (1990-
Present)

Researchers at the Jonkershoek Forestry Research Centre continued their work on
invasive alien species after the transfer of the Centre to the CSIR. By 1994, research
led by Brian van Wilgen and David Le Maitre (and based on afforestation experi-
ments at Jonkershoek) estimated that, if unchecked, alien plant invasions would
potentially reduce water supplies to the city of Cape Town by 30% (Le Maitre et al.
1996). It was also estimated that more water could be delivered, at a lower unit cost,
through the integration of alien plant control and the maintenance of water supply
infrastructure (van Wilgen et al. 1996). This information was presented to Kader
Asmal (the Minister of Water Affairs and Forestry) on 2 June 1995, and this in turn
provided the rationale for the establishment of WfW (van Wilgen and Wannenburgh
2016).

Because invasive alien plant control is an expensive undertaking, it became
important to investigate whether or not spending on control would deliver sufficient
returns on investment. The CSIR team addressed these issues and conducted several
pioneering economic studies. These studies demonstrated (1) that alien plant control
could be effective and efficient, as the cost of water would be lower if delivered from
catchments where alien plant control was in place, compared to catchments where no
control was in place (van Wilgen et al. 1997); (2) that the highest returns on
investment would be realised if mechanical and biological control of Acacia
mearnsii (Black Wattle) was carried out in parallel with commercial growing
activities (De Wit et al. 2001); and (3) that spending on biological control had
delivered extremely attractive returns on investment in the case of several invasive
plant species in South Africa (van Wilgen et al. 2004). Moran et al. (2013) noted that
“[biological control] research efforts in South Africa have enjoyed increasing
political and public credibility, at least in part because of the involvement of
personnel from the South African Council for Scientific and Industrial Research
who have shown that [biological control] is highly cost-effective and that it consti-
tutes an essential supplement to other management practices”.

Work at the CSIR also sought to expand the understanding of the effects of
invasive alien plants beyond their impacts on water at local scales. A team, including
Brian van Wilgen, David Le Maitre, Belinda Reyers, Willem De Lange, Mark Gush
and Sebinasi Dzikiti used plant distribution data, simulation models, and economic
principles to scale up local studies to a national scale. They showed that (1) invasive
alien plants would have serious consequences for water resources, rangeland pro-
ductivity, and biodiversity on all of South Africa’s terrestrial biomes, if left to spread
in an uncontrolled manner (van Wilgen et al. 2008); (2) that the value of ecosystem
services currently being lost to invasive alien plants amounted to ZAR6.5 billion
annually, and would continue to grow unless the invasions were contained
(De Lange and van Wilgen 2010); and (3) that the combined impacts of invasive
alien plants on surface water runoff in South Africa were between 1444 to 2444
million m> per year, but that if no remedial action is taken, reductions in water
resources could rise to between 2589 and 3153 million m® per year, about 50%
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higher than estimated current reductions (Le Maitre et al. 2016). All of these studies
strengthened the evidence base on the negative impacts of invasive alien species,
which in turn made it possible to raise funding from the Department of Environ-
mental Affairs for research and management (see also Le Maitre et al. 2020,
Chap. 15; O’Connor and van Wilgen 2020, Chap. 16; Zengeya et al. 2020,
Chap. 17).

Work at the CSIR, often in collaboration with others, also provided some of the
first robust assessments of progress with alien plant control projects carried out under
the auspices of WfW. In some cases, this work suggested that good progress was
being made (Esler et al. 2010; De Lange and van Wilgen 2010; Impson et al. 2013),
while other studies pointed to cause for serious concern, notably because control
projects only reached a small proportion of the invaded area (van Wilgen et al.
2012b), and because implementation was sometimes not efficient (McConnachie
et al. 2012). In response, the CSIR team made proposals for the prioritisation of alien
plant control projects that would focus scarce funds on the most important areas
(Forsyth et al. 2012) and facilitated cross-institutional debate on appropriate
responses to management challenges (e.g. van Wilgen et al. 2012a).

2.9 Research on Biological Invasions at the Institute
for Plant Conservation (1993-2004)

The Institute for Plant Conservation (IPC) was established at the University of Cape
Town in 1993, through a generous endowment from Mr Leslie Hill. Prof. Richard
Cowling led the Institute from 1993 to 2000, and he was followed as Director by Prof.
Timm Hoffman in 2001. Richardson joined the IPC in 1993 and served as the Deputy
Director from then until 2004. His research direction was primarily dictated by the
strategic objectives of the IPC, and he managed two of the IPC’s five research
programmes (“Invasive Plant Ecology” and “Disturbance and Restoration Ecology”).

Richardson used his time at the IPC to establish himself in the field of invasion
science. In 1997, he was appointed as Editor-in-Chief of the Wiley journal Diversity
and Distributions, a position he held until 2015; the journal included the ecology and
biogeography of invasions as one of its focus areas. In 1998, he conceptualised,
pulled together, and published (as sole editor) a multi-authored book on the ecology
and biogeography of Pinus (Richardson 1998). The production of this volume,
involving 40 authors from nine countries, was a remarkable achievement when
one considers the global economic importance of the genus, and the fact that the
editor hailed from the southern tip of Africa, far removed from the natural range of
pines. He was also involved in the supervision of 15 (masters and doctoral-level)
post-graduate students, including Steve Higgins and Mathieu Rouget who them-
selves went on to publish important papers in the field of invasion science
(e.g. Higgins et al. 2000; Rouget et al. 2004).
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2.10 Research Funded by the Working for Water
Programme (1995-Present)

The Working for Water programme (WfW, van Wilgen and Wannenburgh 2016), a
public works project administered from within the Department of Water Affairs and
Forestry (and later by the Department of Environmental Affairs) has since its
inception in 1995 allocated a proportion of its budget to research. This research
has been carried out by a number of institutions, most notably the PPRI (for
biological control), the CSIR (for research on hydrological and other impacts, and
assessments of management effectiveness), and the Agricultural Research Council
(for mapping invasive alien plants). Initially, the outputs of this research were
presented in one annual research report (Department of Water Affairs and Forestry
2001), and one biennial research report (Department of Water Affairs and Forestry
2003). The titles “annual” and “biennial” indicated an intent to produce these reports
on a regular basis, but this did not happen after 2003. Between the 19th and the 21st
of August 2003, WfW then hosted its “inaugural” (the symposium has never been
repeated) research symposium at Kirstenbosch in the Western Cape. The symposium
brought together 290 participants, including researchers, students and managers, and
provided an important forum for the exchange of ideas on invasion science. There
were 40 verbal presentations and 14 posters, covering six broad themes (hydrology,
ecology, biological control, operations management, social development, and eco-
nomics; Macdonald 2004). The proceedings were published in a special issue of
18 research or review papers in the South African Journal of Science, with Brian van
Wilgen as guest editor (van Wilgen 2004). After this initial flurry of transparent
reporting of research activities and outputs, no further research reports have been
produced. Nonetheless, it is clear that WfW’s funding has stimulated a lot of
research into biological control, alien species impacts, the economics of invasions,
and control methods (Abrahams et al. 2019).

While not all research initiatives funded by WfW can be covered here, it would be
remiss not to mention the South African Plant Invaders Atlas (SAPIA). SAPIA was
conceptualised and developed by Lesley Henderson of the PPRI (Fig. 2.11). Hen-
derson started collecting distribution records in 1979, and by 2016 the SAPIA
database contained 87,000 records for 773 invasive alien plant species (Henderson
and Wilson 2017). SAPIA has provided a base set of data that has been used by
many researchers to investigate alien plant occurrence, spread and impact (see, for
example, Rouget et al. 2004; Henderson and Wilson 2017; van Wilgen et al. 2008).
The initiative was in danger of being discontinued due to lack of funding, but WfW
undertook to provide support to ensure its continuation.
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Fig. 2.11 Lesley
Henderson, who initiated
the South African Plant
Invaders Atlas (SAPIA), and
has maintained it for almost
40 years. Henderson is
holding her book on
invasive alien plant
distributions in

South Africa, which is based
on SAPIA records.
Photograph courtesy of
Lesley Henderson

2.11 The DSI-NRF Centre of Excellence for Invasion
Biology (2004—Present)

In 2004, the then South African Department of Science and Technology (DST, now
Science and Innovation, DSI), through the National Research Foundation (NRF),
established six Centres of Excellence, after wide consultation and a highly compet-
itive selection process. Centres of Excellence are physical or virtual centres which
concentrate and strengthen existing research capacity and resources to address issues
of national and international importance, enabling researchers to collaborate across
disciplines and institutions on long-term projects that are locally relevant and
internationally competitive. The goal of DSI-NRF Centres of Excellence is to
enhance the pursuit of research excellence and to develop trained scientific capacity
for the country. One of the six inaugural centres was the Centre for Invasion Biology,
or C-I-B (van Wilgen et al. 2014; Richardson et al. 2020). The C-I-B is led from
Stellenbosch University, with a satellite hub at the University of Pretoria, and was
founded by its first director, Prof. Steven L. Chown (Fig. 2.12). A network of about
20 core team members was then appointed at several South African universities and
institutions, to provide a cohort of researchers united by a common interest in aspects
of invasion science. This inter-institutional arrangement allowed for a broad spec-
trum of research interactions involving a wide diversity of research associates,
postdoctoral fellows and students (van Wilgen et al. 2014).

Prof. Steven Chown, Director of the C-I.-B between 2004 and 2012, has a
background in insect physiology, with a keen interest in Antarctic and
sub-Antarctic research. He and many of his students worked on aspects of invasions
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Fig. 2.12 Prof. Steven L. Chown, founding director of the DSI-NRF Centre of Excellence for
Invasion Biology, pictured here on a field collecting trip on Possession Island. Photograph courtesy
of Charlene Janion-Scheepers

in this region, and novel insights were generated under his leadership both on
invasions and the ecosystems studied more generally. For example, Chown and
Froneman (2008) published an overview of the structure, functioning and interac-
tions of marine and terrestrial systems at the Prince Edward Islands. The overview
demonstrated how global challenges (including climate change, biological inva-
sions, and over-exploitation) are playing out at regional and local levels in the
Southern Ocean. Chown left the C-I-B and emigrated to Australia in 2013, where
he took up a position as head of the School of Biological Sciences at Monash
University.

Prof. David Richardson (Fig. 2.13) was initially the Deputy-Director of the C-I-B,
and became Director in 2013. Initially, Richardson’s research was on invasive trees
and shrubs in the Fynbos Biome, but his interests have broadened considerably and
now encompass the full range of invasion science. As of mid-2019 he has published
355 papers in peer-reviewed journals, contributed to 69 chapters in 42 scientific
books, and edited or co-authored 8 scientific books. His work has been cited over
54,000 times, with an A-index of 112 on Google Scholar. Many of his efforts have
brought together prominent invasion scientists from around the globe, creating
significant opportunities to advance invasion science internationally. For example,
he arranged an international symposium that brought together leading scientists to
review the field in 2008. The symposium marked the 50th anniversary of the
publication in 1958 of the British ecologist Charles Elton’s seminal book “The
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Fig. 2.13 David M. Richardson, Director of the DSI-NRF Centre for Invasion Biology since 2011,
who has made many important contributions to the development of invasion science nationally and
internationally (seen here in the field on Reunion Island, Indian Ocean). Photograph courtesy of
Jaco Le Roux

ecology of invasions by animals and plants” (widely acknowledged as the first work
to focus scientific attention on biological invasions). The volume that resulted from
the symposium (Richardson 2011) brought together accounts by more than 50 inter-
national authors, and re-examined the origins, foundations, current dimensions and
potential trajectories of invasion science.

The C-I-B, led by Chown and Richardson, has boosted invasion science in
South Africa through research outputs and human capacity development, and it is
regarded as a model centre of excellence by its funders [for details see van Wilgen
et al. (2014); Richardson et al. 2020, Chap. 30]. Between 2004 and 2018, the C-I-B
generated over 1700 publications, which collectively have attracted over 42,000
citations with an h-index of 89 on Google Scholar as of mid-2019. During this
period, 125 honours, 128 masters, and 64 doctoral degrees have been awarded to
students based at the C-I-B, making an important contribution to building human
capacity in the field of biological invasions. Although the C-I.-B had a stated
intention to carry out research into all aspects of invasion science (i.e. to go beyond
biology and ecology, and to address history, sociology, economics and manage-
ment), its strength has always been in basic and applied ecology. It deliberately
avoided pursing research in the field of biological control, given the country’s
existing strengths in this areas. For example, the original proposal for the establish-
ment of the C-I-B (Chown 2004) stated that “Some fields, such as biological control
... are well-funded from other sources ... and do not form the major focus of the
work proposed here”. In addition, studies in the humanities have not featured
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strongly. The C-I-B has nonetheless emerged as a leading institute in the global field
of invasion biology, with several unique features that differentiate it from similar
research institutes elsewhere including a broad research focus leading to a diverse
research program that has produced many integrated products; an extensive network
of researchers with diverse interests, spread over a wide geographical range; and the
production of policy- and management-relevant research products arising from the
engaged nature of research conducted by the C-I‘B.

2.12 Work on Biological Invasions at the South African
National Biodiversity Institute (2008—Present)

In 2008, the Working for Water programme funded the establishment of a
programme within the South African National Biodiversity Institute (SANBI) to
work on biological invasions. Its goals were specifically to detect and document new
invasions; provide reliable and transparent post-border risk assessments; and provide
the cross-institutional coordination needed to successfully implement national erad-
ication plans (Wilson et al. 2013). SANBI’s work on biological invasions has since
expanded to include the curation of data relevant to biological invasions and their
management, the compilation of a national status report on biological invasions, and
specific functions such as acting as the secretariat for the national annual symposium
on biological invasions, and establishing and running a South African Alien Species
Risk Analysis Review Panel (Kumschick et al. 2020; Chap. 20).

SANBI’s work was initially established and led by Philip Ivey (now at the Centre
for Biological Control) and, as it developed into a full directorate within SANBI, led
by Dr. Sebataolo Rahlao (a C-I'B graduate). Scientific guidance was provided
throughout by Prof. John R. Wilson (a SANBI employee and a former C-I-B post-
doctoral researcher). Wilson has a PhD from Imperial College, London, UK, based
on work on the biological control of aquatic plants, and he has broad interests in the
ecology and management of biological invasions. He is based at the C-I.B at
Stellenbosch University, a move intended to facilitate collaboration between
SANBI, academic researchers, and students. SANBI’s Biological Invasions Direc-
torate funds postgraduate projects to work on particular species or taxa, and has
produced an increasing number of papers.

South Africa’s Alien and Invasive Species Regulations require the SANBI to
produce a national status report every 3 years (van Wilgen et al. 2020a, Box 1.1 in
Chap. 1; Fig. 2.14). SANBI teamed up with the C-I-B to produce South Africa’s first
such report in 2018 (van Wilgen and Wilson 2018). The report covered all aspects of
biological invasions (i.e. it addressed pathways of introduction and spread, the status
of individual species, the degree of invasion in particular areas, and the effectiveness
of management and regulatory interventions). The report was a world first—no other
country had yet produced a comprehensive report at a national scale—and its release
attracted international interest. The status report project also generated additional
products, including a detailed set of indicators for monitoring biological invasions at
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Fig. 2.14 John R. Wilson and Brian W. van Wilgen with South Africa’s (and the world’s) first
status report on biological invasions at a national level. Photograph courtesy of Wiida Fourie-
Basson

a national scale (Wilson et al. 2018) and a special issue of the journal Bothalia with
19 papers that were published with the explicit intention of collating information to
be used in the status report (Wilson et al. 2017).

2.13 Social and Historical Studies Relevant to Invasion
Science

The development of invasion science in South Africa has been dominated by
ecologists, with relatively few contributions from the humanities. For example, a
review of 364 papers that specifically mentioned the Working for Water (WfW)
programme as a funder of the research, or where it was a topic of the paper,
concluded that “research produced under the auspices of WfW is authored by a
handful of core researchers, conducting primarily ecologically-focused research,
with social research significantly underrepresented’ (Abrahams et al. 2019). There
have nonetheless been some studies that provide non-ecological perspectives.

A few studies have shown that a great deal of effort often went into the selection
and spreading of alien species that subsequently became invasive (see also Faulkner
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et al. 2020; Chap. 12). Gwen Shaughnessy (1980) provided a detailed documenta-
tion of the factors that led to the introduction, widespread dissemination and further
spread of 13 woody alien species in the Cape Town area in the 1800s. Trees and
shrubs in the genera Acacia, Hakea, Leptospermum, Paraserianthes and Pinus were
introduced for display in botanical gardens, for sand stabilisation, climatic amelio-
ration and economic gain. The government programs to establish these species were
considerable, often involving the removal of native vegetation, ploughing, digging
of pits and ridging of the soil. In addition, government supplied “massive” quantities
of seeds to private landowners. Government plantations were later abandoned,
leaving large areas dominated by alien species. Shaughnessy’s study is a rare
example of the meticulous historical documentation of the processes that led to the
establishment of invasive alien species. Brett Bennett has documented what he
termed a “globally unique and ultimately successful research programme” in
which South African foresters used climate matching to select candidate alien trees
for introduction, and then tested them in experimental plantings across South Africa
to select candidates to grow commercially (Bennett 2011). While this led to the
successful establishment of plantation forestry in South Africa, the species them-
selves often became invasive, not surprisingly given the care taken to match them to
local conditions. These invasions led to changing views about the forest industry
(see, for example, Johns 1993; Cellier 1994), and Bennett (2011) concludes that “the
currently popular anti-exotic rhetoric of many South Africans is at odds with the
contribution of plantations and timber products to South Africa’s economy and the
more nuanced scientific findings about biological invasion held by the scientific
community”.

Van Sittert (2002) documented in graphic detail the devastations to communities
and to their social structures, from 18701910, through the invasions of Opuntia
ficus-indica which at that time densely covered nearly 1 million hectares of land in
the Karoo Biome of the Eastern Cape. The distribution of the plant was subsequently
reduced to about 10% of its original range through biological control that was
initiated in 1932 (Pettey 1948; Annecke and Moran 1978). These stark historical
perspectives are often overlooked or ignored in present-day commentaries (see also
Hill et al. 2020, Sect. 19.3 in Chap. 19). In a detailed social analysis of the control of
O. ficus-indica, Beinart and Wotshela (2011) maintain that while control of this plant
has been beneficial for native biodiversity, it has had major costs for poor rural
people, who no longer can benefit from prickly pears for fruit. They conclude
that the value of useful invasive plants such as prickly pear should be given
greater weight in comparison to their environmental costs. This is also in line with
the view that local benefits are often underestimated when assessing the costs
of invasive or alien species (Shackleton et al. 2007). Beinart (2014) also discusses
the case of Acacia mearnsii in South Africa, and notes that black wattle is one
of the few species for which a systematic cost benefit analysis has been attempted
(De Wit et al. 2001). Despite this, Beinart remains sceptical about De Wit et al.’s
conclusions, arguing that the social costs of removing a useful species had not
been adequately estimated.
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2.14 Discussion

Several assessments have indicated that, for a relatively small country, South Africa
has made a disproportionate contribution to the development of invasion science.
The country has been a pioneer in the field of invasive alien plant biological control
and is currently among the leaders, or may even have assumed the mantle of
leadership (Moran and Hoffmann 2015; Schwarzlidnder et al. 2018). Currently,
South Africa is one of two countries where the practice of invasive alien plant
biological control is thriving (the other being New Zealand; Moran and Hoffmann
2015). South Africa’s role in initiating and participating in the SCOPE project on
biological invasions in the 1980s helped both to develop invasion science in the
country and to cement the country’s position as a leader in the field. The establish-
ment and sustained funding of a Centre of Excellence on biological invasions has
similarly contributed to a substantial expansion in understanding and has enabled the
training of a new cohort of scientists. Richardson et al. (2004) reported on a historic
four-day summit on “Invasive plants in natural and managed systems: Linking
science and management” held in Fort Lauderdale, Florida, and attended by over
700 delegates. They noted that “there were numerous references in many sessions to
South Africa’s substantial and innovative contributions in the field’ and that “there
is no doubt that the small scientific community in South Africa has made its mark”.
Another important indicator is contributions to the biennial EMAPi (Ecology and
Management of Alien Plant invasions) conferences (Pysek et al. 2020). A total of
1696 individual delegates from 77 countries attended one or more of the 14 EMAPi
conferences held between 1992 and 2017. Of these, only six countries (the USA,
South Africa, Australia, the Czech Republic, Germany and the UK, in that order)
were represented by over 100 delegates. If one does not count attendance from host
countries, then the Czech Republic with 109 participants was most active, followed
by South Africa, the USA, Germany and the UK. PySek et al. (2006) provide an
analysis of the most cited (i.e. influential) papers in invasion ecology. The majority
(70%) of well-cited papers were from the USA, but South Africa was second with
9% of the most cited papers, followed by Australia and the UK with 6% each, the
Czech Republic, France and Canada with 3%. Pysek et al. (2008) noted that invasion
science was poorly studied in Africa, with the notable exception of South Africa,
“which alone accounts for two-thirds of research effort on this continent”. Finally,
the existence of Working for Water, arguably Africa’s largest and best-funded
conservation program, and with a focus on biological invasions, has provided a
host of implementation problems that needed evidence-based solutions, thus pro-
viding a stimulus for further research.

Some authors have put forward the idea that South Africa’s relative prominence
in the field of invasion science has its roots in apartheid philosophies, and that it is
similar in some ways to Nazi Germany’s proclivity for the nature garden (Peretti
1998; Comaroff and Comaroff 2001). For example, Peretti 1998 stated that “Like
Nazism, apartheid thinking is concerned with separating the pure from the impure.
Even anti-racist scientists living in an apartheid culture may be influenced by this
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sort of purist xenophobic, and racist way of thinking. It is not surprising that
SCOPE'’S hard- line biological nativism has roots in South Africa”. While it is
impossible to prove that certain perceptions are not underlain by racism or xeno-
phobia, invasion biologists and conservationists worldwide have a clear focus on
preventing ecological or economic harm, and attempts to impute baser motives are
unconvincing (Simberloff 2003). Simberloff (2003) notes further that “Claims that
modern introduced species activity targets all introduced species, not just invasive
ones, and neglects benefits of certain introduced species have no basis in fact”.
South Africa is no different in this regard, and as the history shows, South African
research has sought to identify and quantify both harm and benefits, and to find
optimal solutions to what is a large and growing environmental issue.

It could also be asked whether South Africa’s participation in international
programmes led to developments or understanding that would otherwise not have
been the case. Certainly, international collaboration was strongly encouraged by the
National Programme for Ecosystem Research (Huntley 1987), for the very reason
that it would inject new thinking and fresh ideas. This was strongly followed by most
of South African’s ecological research community (with the notable exception of
South African National Parks, who pursued inwardly-focussed research through
most of the 1960s to the early 1990s, Carruthers 2017). However, attempts to
collaborate internationally were also resisted by many foreign scientists opposed
to the then South African government’s apartheid policies, and academic boycotts
began in the 1970s and strengthened until the early 1990s. While there were
undoubtedly benefits that arose from collaboration in the SCOPE programme, the
differences between the situation that existed in the mid-1990s and the counterfac-
tual situation that would have existed with no international collaboration are not
immediately obvious.

A number of factors have probably contributed to South Africa’s ability to make a
disproportionate contribution to the development of invasion science. First,
South Africa is one of the most biodiverse countries in the world, with a wide variety
of terrestrial, freshwater and marine ecosystems. This diversity, combined with the fact
that invasions affect all of these ecosystems and pose real problems, has provided a
rich template on which to carry out research, test ideas, and develop management
solutions. Secondly, South Africa’s research community has been relatively small, and
well connected. This, combined with the deliberate strategies that were adopted, from
the 1970s onwards, to encourage multi-disciplinary, collaborative research, have
meant that people got to know each other, and to share ideas, in an environment that
encouraged collaboration. Often, lasting friendships developed between like-minded
researchers that led to increased scientific productivity. In the case of invasion science
in South Africa, we may have an example of the Goldilocks Principle, which holds
that something must fall within certain margins, as opposed to reaching extremes.
Most developing countries do not have sufficient resources that would allow them to
build a critical mass of researchers that could go on and make a broad and meaningful
contribution. On the other hand, developed countries may have relatively too much,
and collaborative approaches would become less necessary because different research
groups could operate independently. A proper examination of this hypothesis would
make an interesting research project in itself.
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Abstract Thousands of plant species have been introduced, intentionally and
accidentally, to South Africa from many parts of the world. Alien plants are now
conspicuous features of many South African landscapes and hundreds of species
have naturalised (i.e. reproduce regularly without human intervention), many of
which are also invasive (i.e. have spread over long distances). There is no compre-
hensive inventory of alien, naturalised, and invasive plants for South Africa, but
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327 plant taxa, most of which are invasive, are listed in national legislation. We
collated records of 759 plant taxa in 126 families and 418 genera that have
naturalised in natural and semi-natural ecosystems. Over half of these naturalised
taxa are trees or shrubs, just under a tenth are in the families Fabaceae (73 taxa) and
Asteraceae (64); genera with the most species are Eucalyptus, Acacia, and Opuntia.
The southern African Plant Invaders Atlas (SAPIA) provides the best data for
assessing the extent of invasions at the national scale. SAPIA data show that
naturalised plants occur in 83% of quarter-degree grid cells in the country. While
SAPIA data highlight general distribution patterns (high alien plant species richness
in areas with high native plant species richness and around the main human
settlements), an accurate, repeatable method for estimating the area invaded by
plants is lacking. Introductions and dissemination of alien plants over more than
three centuries, and invasions over at least 120 years (and especially in the last
50 years) have shaped the distribution of alien plants in South Africa. Distribution
patterns of naturalised and invasive plants define four ecologically-meaningful
clusters or “alien plant species assemblage zones”, each with signature alien plant
taxa for which trait-environment interactions can be postulated as strong determi-
nants of success. Some widespread invasive taxa occur in high frequencies across
multiple zones; these taxa occur mainly in riparian zones and other azonal habitats,
or depend on human-mediated disturbance, which weakens or overcomes the factors
that determine specificity to any biogeographical region.

3.1 Introduction

South Africa has a rich diversity of environmental conditions, biota, and a unique
socio-political situation. This makes it a fascinating place to explore the many
interacting factors that have mediated the introduction and dissemination of partic-
ular plant species, and their interactions with resident biota and prevailing environ-
mental conditions that determine their performance as alien species (Richardson
etal. 1997, 2011a; Le Roux et al. 2020, Chap. 14; van Wilgen et al. 2020a, Chap. 1;
Wilson et al. 2020, Chap. 13). Terrestrial ecosystems in South Africa have been
invaded by hundreds of alien plant species. Some of these have very large adventive
ranges, and some of these have transformed invaded ecosystems. These invasions
pose a major threat to the country’s biodiversity, impact negatively on the capacity
of ecosystems to deliver goods and services, and in some cases severely threaten
human livelihoods (Richardson and van Wilgen 2004; Le Maitre et al. 2020, Chap.
15; O’Connor and van Wilgen 2020, Chap. 16; Potgieter et al. 2020, Chap. 11;
Zengeya et al. 2020, Chap. 17).

This chapter focusses on the biogeography of terrestrial plant invasions in the
country. It: (1) presents a brief history of alien plant invasions; (2) summarises
information on which alien plants are naturalised and invasive; (3) reviews the extent
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of these invasions; (4) examines the broad-scale distribution patterns of naturalised
and invasive plants with reference to “alien plant species assemblage zones” defined
on the basis of the turnover of alien species; and (5) provides recommendations to
improve our understanding of the composition, distribution, and dynamics of the
South African naturalised flora.

Other chapters in this book provide complementary details related to the invasion
process of plants, including introduction pathways (Faulkner et al. 2020, Chap. 12),
environmental (Wilson et al. 2020, Chap. 13) and biotic (Le Roux et al. 2020,
Chap. 14) drivers of invasions, impacts of invaders on water resources (Le Maitre
et al. 2020, Chap. 15), rangelands (O’Connor and van Wilgen 2020, Chap. 17) and
biodiversity (Zengeya et al. 2020, Chap. 18). Issues pertaining to human dimensions
(Shackleton et al. 2020, Chap. 24) and management of plant invasions (Foxcroft
et al. 2020, Chap. 28; Hill et al. 2020b, Chap. 19; Holmes et al. 2020, Chap. 23; van
Wilgen et al. 2020b, Chap. 21) are also covered elsewhere in the book, as is the
status of alien plants in other specific ecosystems: freshwater (Hill et al. 2020a,
Chap. 4), urban ecosystems (Potgieter et al. 2020, Chap. 11), and off-shore islands
(Greve et al. 2020, Chap. 8). The focus of this chapter is on the history and current
state of plant invasions in natural and semi-natural ecosystems. Terminology
pertaining to alien, naturalised, and invasive plant taxa follows the definitions
proposed by Richardson et al. (2000, 2011a): alien taxa are those that do not occur
naturally in South Africa and owe their presence here to human actions; naturalised
taxa are alien taxa that reproduce regularly, and invasive taxa are naturalised taxa
that have spread over considerable distances from sites of introduction.

3.2 A Brief History of Plant Invasions in South Africa

Of the alien plant taxa that are currently widespread in South Africa’s terrestrial
ecosystems few (if any) were present in the region before European colonisation
began in the seventeenth century (Deacon 1986; Richardson et al. 1997; see Faulk-
ner et al. 2020, Chap. 12 for an evaluation of evidence for post-1652 plant intro-
ductions). There is no evidence that any introduced species became invasive before
European colonisation, and no species introduced prior to 1652 is currently a major
invader of natural and semi-natural ecosystems. South Africa’s large flora of
naturalised and invasive alien plants thus comprises almost exclusively taxa that
have arrived and been disseminated in the last three and a half centuries.

Plant taxa from many parts of the world have been introduced to South Africa for
many purposes (Faulkner et al. 2020, Chap. 12). Some were accidental introduc-
tions, but thousands of taxa were intentionally introduced - as agricultural crops, for
timber and firewood, as garden ornamentals, to stabilise sand dunes, as barrier and
hedge plants, as animal fodder and for other purposes. Wells et al. (1986) reviewed
plant introductions associated with several broad phases, from the initial period of
European settlement through to “the modern phase” (up to 1985). Two key phases
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were the rise in introductions for forestry in the nineteenth century that declined
towards the end of the twentieth century; and introductions of ornamental plants that
started in the mid-twentieth century and continue today.

Because of the paucity of trees suitable for forestry in South Africa’s flora, and the
small area of native forest, hundreds of tree species have been introduced to the
country (see Richardson et al. 2003 for a detailed review, and Box 3.1). Experimen-
tal introductions of trees began during the Dutch and British colonial periods with
the aim of providing timber for construction, shipbuilding, and for amenity plant-
ings, shelter, windbreaks, and fuelwood. Organised government involvement in
forestry began in 1872 with the establishment of a forestry department at the
Cape. This led to the establishment of plantations of many alien trees, especially
species in the genera Acacia, Eucalyptus and Pinus. Wood shortages during World
War I stimulated major afforestation efforts. Poynton (1984) lists more than 400 tree
species that were successfully cultivated in South Africa, including more than
100 Eucalyptus species, 80 Pinus species and 70 Australian Acacia species (see
also Poynton 1979a, b; Poynton 2009). Besides species that were intended for
commercial forestry and woodlots, many other trees that were not grown in planta-
tions were introduced, propagated, and promoted by government forestry organisa-
tions; these included Acacia cyclops (Rooikrans) and A. saligna (Port Jackson
Willow), Jacaranda mimosifolia (Jacaranda), Melia azedarach (Syringa), and
Prosopis (Mesquite) species (Poynton 1990, 2009). Widespread planting of many
alien tree species for dune stabilisation started in 1830; this created another major
pathway for the dissemination of woody alien plants in South Africa. Australian
Acacia species (wattles), Casuarina cunninghamiana (Beefwood), Hakea drupacea
(Sweet Hakea), Leptospermum laevigatum (Australian Myrtle) and Pinus pinaster
(Cluster Pine) were the most extensively planted species for this purpose (Avis
1989). Many alien species were introduced as barrier plants to support agricultural
production. Prominent examples of species that were widely planted as hedges or
windbreaks in agricultural and rural landscapes and that are now invasive are
Eucalyptus camaldulensis (River Red Gum), Biancaea decapetala (syn.
Caesalpinia decapetala; Mauritius Thorn), Leptospermum laevigatum, Ligustrum
lucidum (Chinese Wax-leaved Privet), Pyracantha angustifolia (Yellow Firethorn),
and many species of Cactaceae (Cacti) (Henderson 1983).

The introduction of alien plant species for ornamentation dates back to the
establishment of the Cape Colony in 1652 and the Company Gardens in Cape
Town, but most initial introductions (as discussed above) were strictly or mainly
for utilitarian purposes. The horticultural industry has grown over time and, although
South Africa has a rich native flora, the demand for new alien plant species has not
abated. Many of South Africa’s most widespread invasive plants, especially in areas
around human settlements, were introduced and disseminated for their ornamental
value (Alston and Richardson 2006; Foxcroft et al. 2008; Donaldson et al. 2014,
Jacobs et al. 2014; Cronin et al. 2017; Kaplan et al. 2017; McLean et al. 2017,
Canavan et al. 2019).
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While it is possible to provide such broad generalisations, the phases of intro-
duction are taxon-specific. Visser et al. (2017) assessed the pathways of introduction
of 256 alien grass species to South Africa. They found that introduction to supple-
ment forage for livestock was by far the dominant pathway, accounting for 62% of
species introductions. Horticulture and soil and stabilisation were the next most
common reasons for introductions, followed by the categories “food and beverage”
and “raw materials”. The cumulative number of alien grass species in South Africa
has increased steadily since the early 1800s and shows no signs of slowing (Visser
et al. 2017). As in other parts of the world, new pasture taxa (including species,
subspecies, varieties, cultivars, and new plant-endophyte combinations) are increas-
ingly being introduced to South Africa (Driscoll et al. 2014). Although many of the
grass species involved are already in the country, the novel genetic material and
endophyte variations are changing the risk of such introductions producing invasions
with major impacts.

A detailed assessment of the history of introduction of bamboo species (Poaceae
subfamily Bambusoideae) to South Africa revealed five main phases of introduction
and dissemination. These were associated with (1) intra-African migration of people;
(2) the arrival of Europeans; (3) growth of the agricultural and forestry sectors;
(4) small-scale domestic use by landowners; and (5) the rise of the “green economy”
(Canavan et al. 2019). Each phase created new opportunities for particular uses of
bamboo species.

By contrast, there have been only two main phases of Cactaceae introductions.
Initial introductions of a few species for agriculture in the nineteenth century (for
food, cochineal, and as barrier plants); and in the last few decades the introduction of
many species for ornamental horticulture (Kaplan et al. 2017; Novoa et al. 2017).
Interestingly, due to correlations between growth forms, life-history traits and
usages, most cactus species suitable for agriculture are invasive whereas many of
the taxa widely used in horticulture pose minimal risk (Novoa et al. 2015).

This link between reasons for introduction and invasiveness is particularly inter-
esting. The role of forestry in launching and sustaining invasions is well-established
(Richardson 1998; Rouget et al. 2002; van Wilgen and Richardson 2012; Donaldson
et al. 2014; McConnachie et al. 2015). Many non-woody invasive plants were also
introduced, mainly for ornamental horticulture, and the configuration and persis-
tence of plantings has left a strong imprint on invasion patterns (e.g. Foxcroft et al.
2008). Wilson et al. (2007) assessed the spread rates of 62 alien plant species in
South Africa, and found that species planted as ornamentals had spread faster than
those used for other purposes. In a related analysis, Thuiller et al. (2006) found that
the spatial pattern of invasive plants in South Africa was driven by, among other
factors, human uses. Many widespread invaders were accidentally introduced and
disseminated; important examples are Chromolaena odorata (Triffid Weed), Datura
innoxia (Downy Thorn Apple), Tagetes minuta (Khaki Bush) and Xanthium
spinosum (Spiny Cocklebur). The current extent and patterns of alien plant invasions
are due to interactions between species traits, environmental features, residence time,
and the ways in which reasons for introduction have facilitated spread within the
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country (Thuiller et al. 2006; Donaldson et al. 2014). It is not surprising, therefore,
that the earliest records of invasion are from species that were introduced for
utilitarian purposes, and that most of the new records of invasive plants have been
taxa used in horticulture that were intentionally introduced and widely planted.

The most widespread alien plant species in South Africa today, Opuntia ficus-
indica (Mission Prickly Pear; found in 35% of all quarter-degree grid cells in
South Africa), started expanding its range around planting sites in the 1770s and
“had become a serious and troublesome weed” by about 1890 (Annecke and Moran
1978). There are no records of major incursions of other alien plant species into
natural vegetation in the 18th or early 19th centuries. Widespread invasions of alien
plant species in natural ecosystems in South Africa were reported in the mid-1800s
when invasive pines introduced for forestry [Pinus pinaster and possibly
P. halepensis (Aleppo Pine)] began spreading into fynbos in the Western Cape
(Richardson et al. 1994; Richardson and Higgins 1998). Other species that were
already clearly invasive in the second half of the nineteenth century were
O. aurantiaca (Jointed Cactus) and X. spinosum. In some cases, the enactment of
policies and legislation provides clues on the emergence of major invasions. For
example, although early distribution records for X. spinosum are scarce, the promul-
gation in 1861 of the Xanthium spinosum Act points to a major increase in the
abundance, distribution and nuisance value of this species in preceding decades (see
Lukey and Hall 2020, Chap. 18). Several reports of widespread invasions of Acacia,
Hakea and Pinus species appeared in the 1920s and 1930s; by the 1940s large-scale
invasions of these taxa occurred in many parts of the Fynbos Biome (reviewed in van
Wilgen et al. 2016).

Widespread invasions began later in other parts of South Africa, but there are few
detailed reports of the first invasions in the eastern and northern parts of the country.
Among species that are currently widespread invaders in the northeastern parts of the
country, Lantana camara (Lantana) and Solanum mauritianum (Bugweed), both of
which were planted as ornamentals, were widespread in the 1930s and both were
listed on the National Weeds Act of 1937. Henderson and Wells (1986) provide the
earliest records of naturalisation for a range of species that are now widespread
invaders in the Grassland and Savanna Biomes; dates range from the 1770s for
O. ficus-indica, the 1870s for Acacia dealbata (Silver Wattle) and A. mearnsii
(Black Wattle), to 1907 for Lantana camara and the 1940s for Chromolaena
odorata.

Several examples illustrate the very rapid and recent emergence of invasions over
large parts of the eastern, northern and interior parts of South Africa by species that
are now among the country’s most widespread and damaging invasive species.
Chromolaena odorata was first recorded in Durban in 1945 and was present in
Hluhluwe-iMfolozi game reserve by 1961 (Macdonald and Frame 1988). Goodall
and Erasmus (1996) document the spread of this species over large parts of eastern
South Africa within 50 years of its arrival in the country. The first records of Lantana
camara were from Durban and Cape Town, management efforts were reported as
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early as the 1950s, and there were widespread invasions by the 1960s (Bhagat et al.
2012). The spread of Campuloclinium macrocephalum (Pompom Weed) was first
noted in the 1960s around Pretoria, whereafter it spread to other parts of the country
(Goodall et al. 2011). Prosopis species (mesquite) began spreading in the arid
interior of South Africa in the 1970s and 1980s some 60 years after major plantings
(Harding and Bate 1991). Rapid mesquite expansion followed several years of
above-average rainfall in the Karoo that created conditions suitable for seed dispersal
and seedling establishment. Another, similarly rapid, expansion of mesquite
occurred in the 2000s (van den Berg et al. 2013). The 1980s also saw the rapid
invasion of Opuntia stricta (Australian Pest Pear) in the Kruger National Park where
major invasions grew from scattered foci around Skukuza, where the species was
grown as an ornamental plant in tourist villages in the 1950s (Foxcroft et al. 2004).
Although first reported in South Africa in 1880, at Inanda in KwaZulu-Natal,
Parthenium hysterophorus (Parthenium Weed) remained uncommon until the
1980s when its populations expanded rapidly after Cyclone Demoina caused exten-
sive flooding along the east coast of southern Africa in 1984 (McConnachie et al.
2011). Since then its range has increased rapidly and it is now a major invader over
large parts of mesic savannas in eastern South Africa (Terblanche et al. 2016).
Similarly, Pyracantha angustifolia only began invading the Grassland Biome in
the early 1980s (the first herbarium record for the species is dated 1970 from the
Ficksburg district of the Free State); it then spread very rapidly and dense stands of
this shrub now occur in many high-altitude grasslands.

3.3 How Many Taxa? South Africa’s Alien, Naturalised
and Invasive Flora

3.3.1 A National List of the Alien Flora?

No comprehensive list of the alien flora of South Africa exists, but several publica-
tions have made estimations of between 8750 and 9000 alien plant taxa (Le Maitre
etal. 2011; Richardson et al. 2011b; Irlich et al. 2014; van Wilgen and Wilson 2018).
These estimations seem to be based largely on insights from Glen’s (2002) book on
the “Cultivated plants of southern Africa”. Glen’s list was based on herbarium
specimens, nursery catalogues and records from plant breeders’ rights. It does not
include naturalised species that have not been cultivated, such as those introduced as
seed contaminants. Discussions with many botanists suggest that the estimate of
8750-9000 alien taxa is conservative. Glen and van Wyk (2016) estimated that there
were around 2000 alien tree species in South Africa.

The challenges associated with compiling a definitive alien flora for South Africa,
and deciding which taxa reside in different “introduction status” categories (based on
their position along the introduction-naturalisation-invasion continuum; Blackburn
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et al. 2011), have been highlighted in several recent studies. For example, PySek
et al. (2013) noted that 20% of alien plant species listed in South Africa’s Conser-
vation of Agricultural Resources Act had no herbarium records in the country’s
National Herbarium. There have been efforts to improve the accuracy of inventories
of alien plant taxa, and several detailed studies have been undertaken recently to
confirm the identity of taxa in groups with poorly resolved taxonomic status and for
other important plant groups.

Magona et al. (2018) conducted a comprehensive assessment of the presence of
Australian Acacia species (wattles) in South Africa. Using herbarium records, visits
to known planting sites, field surveys, and molecular methods, they concluded that
although records exists for introductions of 141 species to South Africa, only
33 species are definitely still present, 13 of which are invasive. Importantly, several
of the invasive species are not on Glen’s list, and many species on Glen’s list could
not be found at known planting sites. Walters et al. (2011) estimated that around
400 alien species of Cactaceae are present in South Africa, and Novoa et al. (2017)
presented evidence that about 300 species of cacti are imported to South Africa
annually (though the vast majority of these are not new to South Africa). Currently,
35 species of Cactaceae are invasive (Kaplan et al. 2017). Milton (2004) produced a
preliminary list of 113 alien grass species present in South Africa. Visser et al.
(2017) updated this inventory, using recorded occurrences from many literature and
database sources. They concluded that at least 256 alien grass species are present,
37 of which are invasive. One clade of grasses (subfamily Bambusoideae; ‘bam-
boos’) was examined in more detail by Canavan et al. (2019), who found evidence
for the presence of 34 currently recognised alien bamboo taxa in South Africa.
Jacobs et al. (2017) reviewed evidence for the presence of Melaleuca species
(Paperbark Trees; including taxa formerly included in the genus Callistemon) in
South Africa. They concluded that at least 36 species are currently present in the
country. Le Roux et al. (2010) used molecular methods to confirm the presence of
Anigozanthos flavidus (Evergreen Kangaroo Paw), which had been tentatively
identified based on morphological features; they also identified a second naturalised
species, A. rufus (Red Kangaroo Paw), not previously recorded from South Africa.
Taxa within several alien plant genera (e.g. Eucalyptus, Oenothera, Opuntia, Pinus,
Prosopis, Rubus, Salix and Senna) are only identified to the genus level in some lists
and mapping exercises, and in some cases questionable species identifications
are made.

These examples show that, even for very conspicuous and well-studied plant
species from taxonomically well-resolved groups (e.g. wattles), further work is
needed to confirm the identity and introduction status of alien taxa. The situation
is worse for taxa that are less well studied, less conspicuous, or difficult to identify.
This has important implications for understanding aspects of the invasion ecology of
species (e.g. matching plant species to host-specific bacterial and mycorrhizal
symbionts to evaluate the role of mutualisms) and for management (e.g. when
considering biological control).
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Hybridisation also complicates the compilation of an alien flora for South Africa.
A notable example is the genus Prosopis. Published records detail the introduction
of at least seven Prosopis species (P. cineraria, P. glandulosa, P. juliflora,
P. laevigata, P. pubescens, P. tamarugo and P. velutina) (Poynton 1990). However,
preliminary molecular studies, together with variation in seed morphology, suggest
that most populations in South Africa are hybrids, and that at least one previously
unrecorded species, P. hassleri, is present (Mazibuko 2012). The presence of
P. chilensis, P. glandulosa, and P. laevigata was confirmed, but neither
P. juliflora nor P. velutina, were identified using the selected molecular markers.
While the taxonomy of the genus remains problematic, there is no doubt that
multiple species were introduced into South Africa (Poynton 1990). Moreover,
Mazibuko’s (2012) results, suggest that most Prosopis taxa hybridise freely in
South Africa and that invasive populations represent a hybrid swarm.

The challenges associated with producing an accurate and definitive alien flora
reviewed above point to two main conclusions: (1) lists of alien species for
South Africa (like elsewhere) have substantial errors, although the actual error
rates are unknown. While some listed species are likely not present, lists generally
substantially underestimate the number of alien species that have been introduced;
and (2) lists need to be regularly updated based on agreed definitions, current
nomenclature, and evidence that species are still present. The production of a register
of alien species is a requirement of the national regulations, and the goal is for this to
form part of the triennial reports on the status of biological invasions led by the
South African National Biodiversity Institute (Wilson et al. 2017a; van Wilgen and
Wilson 2018; Wilson et al. 2018).

3.3.2 A Preliminary Enumeration of South Africa’s
Naturalised Flora

We used the list of naturalised plant taxa for South Africa produced for the first
national status report on biological invasions for the purposes of this chapter
(Appendix 3 in van Wilgen and Wilson 2018). We made a few minor modifications
based on our knowledge of the introduction status of many taxa (i.e. their position on
the introduction-naturalisation-invasion continuum; Richardson and Pysek 2012),
using published and unpublished information, and correspondence with colleagues.
We also made some changes to accommodate recent taxonomic treatments. The list
in Supplementary Appendix 3.1 includes 759 taxa, including all 327 plant taxa listed
in the national legislation. Even though many taxa have only naturalised in the last
few decades, the number of taxa listed here is well below the “at least 1000 candidate
species” considered by Wells et al. (1986). This is due to our strict requirement for
inclusion as naturalised, namely that there had to be evidence for populations that
were self-sustaining for at least 10 years (PySek et al. 2004).
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Fig. 3.1 Features of South Africa’s naturalised alien flora, showing the dominant (a) families,
(b) genera, and (c) plant life forms.

The families with the richest naturalised flora in South Africa are Fabaceae
(73 taxa), Asteraceae (64), Myrtaceae (47), Cactaceae (42), and Poaceae (38).
These top five families contain 35% of the alien flora (Fig. 3.1a). Genera with
10 species or more are Eucalyptus (22), Acacia (17), Opuntia (16), Solanum (14),
Oenothera (10) and Senna (10) (Fig. 3.1b). An extraordinary feature of the
naturalised flora is the dominance of woody plants—56% are trees and shrubs (see
Box 3.1 and Fig. 3.1c¢).
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Box 3.1 South Africa: World Capital of Tree Invasions

The dominance of trees among invaders of natural and semi-natural vegetation
is a striking feature of South Africa’s naturalised flora. Of South Africa’s
759 naturalised plant taxa (Supplementary Appendix 3.1), roughly a third are
trees (240; 32%), following the criteria for separating trees from shrubs
proposed by Richardson and Rejméanek (2011) (“perennial woody plants
with many secondary branches supported clear of the ground on a single
main stem or trunk with clear apical dominance”). Another 36 taxa are
generally classified as shrubs, but some may assume tree-like stature.
Together, these 276 woody plant taxa make up 36% of South Africa’s
naturalised flora. Taxa classified primarily as trees belong to 56 families and
120 genera. Myrtaceae (45 species from 11 genera) and Fabaceae (38 species
from 11 genera) are the dominant families.

Genera of alien trees for which invasions have been well studied in
South Africa are Acacia, Casuarina, Eucalyptus, Pinus, Prosopis, and Schinus.
Insights on invasions of these taxa have contributed substantially to the under-
standing of tree invasions globally (Richardson et al. 2014; Rundel et al. 2014).

The phenomenal success of trees as invaders in South Africa is probably at
least partly due to the massive propagule pressure and long residence time
because of repeated introductions and widespread plantings over more than a
century. However, several ecosystem types in South Africa appear to be
extraordinarily susceptible to invasion and transformation by alien trees.

Species-rich fynbos shrublands are highly vulnerable to invasion by trees
from other fire-prone regions of the world. Serotinous Pinus species from
Europe and Central and North America, and Australian Acacia species with
soil-stored seeds that are stimulated to germinate by fire have invaded vast
areas of fynbos, transforming shrubland vegetation into woodlands or forests
over several decades (Richardson and Brown 1986; Richardson and Kluge
2008; Richardson and Cowling 1992).

Riparian habitats throughout South Africa have been severely invaded by alien
trees, especially species in the genera Acacia, Eucalyptus, Populus, and Salix.
These invasions are driven primarily by dispersal of propagules along rivers and
through disturbance caused by flood events. These invasions are self-reinforcing in
that stands of naturalised plants trap sediments, thereby creating abundant habitat
for further establishment of seedlings and detached plant parts (Galatowitsch and
Richardson 2005; Holmes et al. 2005). Invasions by these species are widespread
in the wetter parts of the country, and also extend along perennial rivers throughout
the arid Karoo, and in the Grassland and Savanna Biomes.

Inundation of floodplains during periods of above-average rainfall has trig-
gered invasions of several species in South Africa, notably of Prosopis spp. in the
arid interior of the county (Harding and Bate 1991). Groundwater availability
appears to limit the extent of these invasions; water in floodplain aquifers is easily

(continued)
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Box 3.1 (continued)
accessed by the deep roots of Prosopis which sustains high-density invasions.
There are also extensive Prosopis invasions along the lower Orange River.
Besides the suite of very widespread and highly damaging invasive trees
that are currently the focus of invasive plant management in the country
(Marais et al. 2004), a large number of other tree taxa are naturalised but
have yet to invade large areas. Many of these are known to be highly invasive
in other parts of the world, including Grevillea banksii (Red Silky Oak);
Melaleuca quinquenervia (Broad-leaved Paperbark), Mimosa pigra (Giant
Sensitive Tree) and Prunus serotina (Black Cherry). Many of the taxa that
already occupy large ranges in the country also have the potential to invade
much larger areas (Rouget et al. 2004). There is thus a large invasion debt for
alien trees in South Africa and more research is needed to improve our
understanding of their invasion ecology to guide management.

3.4 Extent of Invasions

Two major assessments have been made of the spatial extent of alien plant invasions
over large parts of South Africa. Unfortunately, the two assessments used very
different methods and focused on particular taxa, types of plants, or areas. This
means that they cannot be easily compared to show changes over time (see Supple-
mentary Appendix 3.2). Despite such challenges, the two assessments have shed
light on key aspects of plant invasions in South Africa.

Versfeld et al. (1998) reported on a rapid reconnaissance of the extent of alien
plant invasions (mainly woody plant taxa) in South Africa, undertaken mostly during
1996 and 1997 to provide information needed to support the prioritisation of control
programmes for the newly established Working for Water programme (see van
Wilgen et al. 2020b, Chap. 21). This assessment involved a combination of field
mapping (some based on historical information), desktop and workshop mapping,
and expert consultations. All the taxa known to occur in a mapping unit were listed,
most at a species level, though some at a genus level (e.g. Acacia and Eucalyptus
were recorded as wattles and eucalypts). It concluded that about 10 million ha of
South Africa (about 8% of the country) had been invaded to some degree by the
~180 species that were mapped. The Western Cape had the most extensive inva-
sions, followed by Limpopo and Mpumalanga. KwaZulu-Natal and the Eastern
Cape were not assessed at the same level of detail as the other provinces; invasions
in these regions were considered to be close to the percentage for Mpumalanga. The
assessment showed that invasions are concentrated in the wetter regions of the
country, and that the greatest number of invasive species occured in the Western
Cape and along the eastern escarpment from KwaZulu-Natal to Limpopo.

A second national-scale assessment of the extent of alien plant invasions was the
National Invasive Alien Plant Survey. This assessment, again in support of the
Working for Water Programme, was undertaken by the Agricultural Research
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Council mainly during 2007 (Kotzé et al., 2010). This assessment focussed on
28 invasive taxa (mainly trees and shrubs) that are the main targets of the Working
for Water programme. The sampling method involved defining homogeneous map-
ping units, allocating point samples, conducting aerial surveys of those points, and
then extrapolating the point data to the mapping unit. (Kotzé et al. 2019). The
assessment focused on the mesic parts of the country, and excluded a very large
proportion of arid South Africa.

Versfeld et al. (1998) found that invasions were extensive (1.76 million ha) and
had significant impacts (6.7% reduction in the mean annual runoff). The National
Invasive Alien Plant Survey found that invasions by a number of high-impact taxa
(wattles, pines, and especially eucalypts) were far more extensive than previously
thought, and that invasions in the Eastern Cape were far more extensive and denser
than previously estimated.

The most comprehensive and accessible source of field data for the whole country
is the southern African Plant Invaders Atlas (SAPIA; see Henderson 2001 for a field-
guide, and Henderson and Wilson 2017 for a recent update). SAPIA is based on
roadside surveys conducted by Lesley Henderson starting in 1979, and was
formalised in 1994 by incorporating observations from participants (adopting
many of the citizen science elements of the South African Bird Atlas Project and
other such initiatives). As an atlas project, SAPIA is well suited for describing broad-
scale biogeographical patterns, but it was neither intended nor designed to provide
in-depth estimates of the extent of invasions, the efficacy of management interven-
tions, or abundance. It has provided insights into all these aspects and more. SAPIA
data are often summarised to show the frequencies of naturalised plant taxa in
quarter-degree grid cells (QDGCs), although most data were collected at a finer
resolution. SAPIA (accessed May 2018) contains data on 739 terrestrial naturalised
plant taxa (note: the list is not the same as that in Appendix 3.1) and shows that
naturalised plants have been recorded in 82% of the 1804 QDGCs in South Africa
(Fig. 3.2), with alien plant species richness varying from 1-172 species per QDGC.
SAPIA has been very useful for illustrating the national scale of plant invasions (Nel
et al. 2004; van Wilgen and Wilson 2018), for elucidating broad-scale drivers of
invasions (e.g. Foxcroft et al. 2007; Wilson et al. 2007; Donaldson et al. 2014;
Moodley et al. 2014), and for demonstrating the efficacy of control measures
(including biological control, Henderson and Wilson 2017).

We used SAPIA and data on native plant species richness at the QDGC scale
from the Botanical Database of Southern Africa (BODATSA; accessed December
2018) to compare naturalised and native plant species richness patterns (Fig. 3.2). As
in a previous analysis using data in SAPIA collated up to 2004 (Richardson et al.
2005), naturalised plant species richness is highest in the southwest, eastwards along
the coast and into the north-eastern corner of the country. However, these patterns
are driven by a relatively few widespread species, around a quarter of all naturalised
alien plant taxa in SAPIA occur in only one QDGC, and many at only one or a few
sites (Fig. 3.3). In many cases, this is not due to climatic restrictions, the lack of
detailed surveys, or the limited time to sample potentially invasible habitats, but is
rather an artefact of where species were introduced. Morevoer, most widespread
invasive plant species are still increasing their ranges (Henderson and Wilson 2017).
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Fig. 3.2 Species richness of (a) native and (b) naturalised plants in quarter-degree grid cells in
South Africa. Data for native species are from the Botanical Database of Southern Africa (accessed
3 December 2018) and data for alien species are from the Southern African Plant Invaders Atlas
(accessed May 2018). (¢) Shows the relationship between native and naturalised plant species
richness [log(naturalised richness) = 0.45 x log(native richness); p-value <2e-16; Pearson R = 0.60]
and (d) shows residuals (cells shaded in blue have fewer alien species than predicted from native
species richness; red shading denotes higher alien richness than expected)

This indicates both that South Africa has a substantial invasion debt (Rouget
et al. 2016), and that there are many opportunities for pro-active management
(i.e. incursion response, Wilson et al. 2013, 2017b; van Wilgen et al. 2020b,
Chap. 21). For example, Richardson et al. (2015) produced a graph similar to
Fig. 3.3, but only for Australian wattles. Four of the six most widespread invasive
wattle species had been introduced for forestry; species introduced for dune
stabilisation and as ornamentals had intermediate distributions. Species only found
in a few QDGCs had only ever been planted in experimental trials at one or a few
sites. Clearing such experimental plantings will likely go a long way to reducing the
risk of future invasions (Wilson et al. 2013).

Despite the strong long-lasting signal of introduction effort and the likely
dynamic nature of the extent of invasions, patterns of species richness at the scale
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Fig. 3.3 The broad-scale distribution of alien plants in South Africa as per the southern African
Plant Invaders Atlas (SAPIA, accessed May 2018). Extent is measured as the occupancy of quarter-
degree grid cells out of a total of 1804 cells

of QDGCs are very similar for naturalised and native plants. We suggest that
deviation from the observed correlation (Fig. 3.2¢, d) are likely due to the uneven
introduction effort and propagule pressure over the country and will probably
become less pronounced over time.

Another national-scale database on alien plant distribution is the Working for
Water Information Management System (WIMS), which was designed to monitor
where government funds were spent clearing different species of alien plants. As
such, WIMS should be ideal for determining the extent and density of invasions in
areas where control has been applied, and for evaluating the effectiveness of control
measures. There are unfortunately substantial problems with the accuracy of the
taxon-level data captured in WIMS because its focus has been on tracking expendi-
ture (e.g. Marais and Wannenburgh 2008) rather than documenting invasions accu-
rately at the species level. Comparisons of the WIMS data with field observations
have highlighted numerous inconsistencies (cf. Kraaij et al. 2017).

Data are also available at local scales and for provincial agencies, but the only
other major database on the distribution of alien plants is that initiated and
maintained by South African National Parks (see Box 3.2). Such data are funda-
mental to their mission “to develop, expand, manage and promote a system of
sustainable national parks that represents biodiversity and heritage assets, through
innovation and best practice for the just and equitable benefit of current and future
generations.”
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Box 3.2 Plant Invasions in South Africa’s National Parks

South Africa has 19 national parks that cover about 3.9 million ha spread
across six terrestrial biomes (first figure below). As is the case with protected
areas globally (Foxcroft et al. 2013), South Africa’s national parks are
increasingly affected by alien plant invasions. A total of 752 alien plant
taxa have been recorded in these national parks, of which 386 are known to
have naturalised somewhere in South Africa (cf. Foxcroft et al. 2017 and
Supplementary Appendix 3.1). The three parks with the highest number of
taxa are Kruger NP (363), Table Mountain NP (251) and Garden Route NP
(243) (first figure below). Of these, 139 plant taxa are considered ‘trans-
former’ species in South African’s national parks (Foxcroft et al. 2019).
The highest numbers of transformer species are found in Table Mountain
NP (74), followed by Garden Route NP (63) and Kruger NP (59). The number
of NEM:BA-listed taxa is highest in Kruger (118), followed by
Table Mountain (114) and Garden Route (98).
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Distribution of South African National Parks, indicating total number of alien plant taxa
(Foxcroft et al. 2017) and, in brackets, the number of transformer species (Foxcroft et al.
2019)

(continued)
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Box 3.2 (continued)

Many of the alien plants in South African national parks are a legacy
of either horticultural plantings or were present on the land before it was
incorporated into the park system. The richness (and distinctiveness) of the
alien flora of Kruger is partly due to the legacy of gardens in tourist camps
(Foxcroft et al. 2008). Garden Route NP and Table Mountain NP also have
substantial alien floras that are unique to those parks, and there are low
numbers of shared families between these three parks (second figure
below). Plant families with the most even representation across parks are
Cactaceae (19 parks; 98 park by taxon records) Fabaceae (16; 168),
Asteraceae (16; 126) and Poaceae (15; 160).
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Dendrogram showing levels of similarity of South African national parks on the basis of
shared alien plant taxa

The policy of South African National Parks is to phase out all alien
plants in staff and tourist facilities, in favour of native (and ideally local)
species (Cole et al. 2018). This will take time, and will require not only
systematic management programmes to clear existing invasive populations,
but also interventions to manage pathways of introduction (Foxcroft et al.
2019), and the establishment of buffer zones around the park (Foxcroft et al.
2011).

83



84 D. M. Richardson et al.

3.5 The Macroecology of Plant Invasions in South Africa

3.5.1 Plant Invasions as a Biogeographical Assay

Previous research showed that the distribution of naturalised alien plants in
South Africa can be viewed as a “biogeographical assay” (Rouget et al. 2015; see
also Richardson et al. 2004, 2005). Patterns of distribution, co-occurrence and
turnover of well-established alien species at the scale of QDGCs show that “invasive
alien [plant] species assemblages” (sensu Rouget et al. 2015) closely match the
traditional biomes of South Africa (see van Wilgen et al. 2020a, Chap. 1 Fig. 1.1),
which are defined on the basis of native plant biogeography and environmental
conditions (Rutherford 1997). We used the latest SAPIA data (see above) to deter-
mine an optimum number of “alien plant species assemblage zones” in South Africa,
i.e. regions characterised by similar alien plant species composition. Species compo-
sitions in QDGCs were compared in a pairwise fashion using the Simpson Dissim-
ilarity Index. Non-metric dimensional scaling (nMDS) was then applied to plot each
QGDC in three-dimensions (red-green-blue) so that QDGCs with similar colours
have similar species composition (see methodological details in Supplementary
Appendix 3.3). A K-means clustering algorithm was then used to identify distinct
zones based on consensus over 30 different criteria. Results of the clustering analysis
revealed that four zones provide a good summary of current alien plant distribution
data at the scale of QDGCs (Fig. 3.4). This contrasts with the six clusters defined by
Rouget et al. (2015), based on the number of commonly defined native biomes. Two
of the zones defined in Fig. 3.4. (“fynbos-specific invaders” and “grassland-specific
invaders”) are very similar to clusters defined by Rouget et al. (2015)—these equate
closely with the Fynbos and Grassland Biomes of South Africa, respectively. The
“moist subtropical invaders” and “semi-arid invaders” zones correspond with the
mesic parts of the Savanna Biome, and the interface between the Nama Karoo and
arid parts of the Savanna Biome, respectively. Large parts of the Nama Karoo and
Succulent Karoo Biomes (a complex mixture of clusters 1, 2 and 3 in Rouget et al.
2015) were not characterised by any cluster in our analysis, as these cells contained
fewer records compared to the rest of the country. This low number of records led to
biases in the comparisons of QDGCs and prevented the nMDS algorithm from
generating sensible results. We believe that the clustering resulting from our analysis
provides an ecologically meaningful basis for discussing broad-scale patterns of plant
invasions in South Africa. Note that species composition is not perfectly homoge-
neous within each zone, and that species composition varies gradually in space, even
within zones (Supplementary Fig. S3.1). For example, visual inspection of the
differences in species composition suggests that the northeastern and southwestern
parts of the “grassland-specific invaders” zones are slightly different from each other,
as are the northern and southern parts of the “moist subtropical invaders” zone.
Finally, we identified “signature taxa” - those that typify each alien plant species
assemblage based on the proportion of QDGCs occupied by the taxa that fall within
the assemblage. We also identified widespread naturalised taxa that have large parts
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Fig. 3.4 Four “alien plant species assemblage zones” defined by the dissimilarity of naturalised
alien plant species composition between quarter-degree grid cells (QDGCs) measured using the
Simpson Dissimilarity Index. The centroid of each assemblage was identified in the three-
dimensional RGB space used to plot each QDGC in Supplementary Fig. S3.1, and was therefore
attributed a colour corresponding to its RGB coordinates, representing the compositional difference
between the zones (see Supplementary Appendix 3.3). Data are from the southern African Plant
Invaders Atlas (SAPIA; accessed May 2018). White cells (those with fewer than five species in the
SAPIA database) were excluded from the analyses for computational reasons. Unsampled cells that
were not sampled in SAPIA are shown without grid-cell outlines

of their ranges in multiple zones; in many cases such species occur in azonal habitats
such a riparian zones; we term this cluster “pervasive/riparian invaders” (Table 3.1).

3.5.2 Correlates of Alien and Native Species Richness

We explored the correlates of species richness for alien and native species to assess
the relative roles of factors associated with topographic heterogeneity (coefficient of
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(a) fynbos-specific invaders (b) moist subtropical invaders
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Fig. 3.5 Radar charts showing the relative influence of 9 variables on species richness of
naturalised alien (orange) and native (green) plant species for each of the “alien plant species
assemblage zones” (Fig. 3.2). (a) fynbos-specific invaders; (b) moist subtropical invaders; (¢) semi-
arid invaders; (d) grassland-specific invaders. The numbers at the top-left of each chart give the
variance explained on the cross-validation dataset. SD_ALTI is the standard deviation of altitude;
HF is human footprint; CV_RAIN is the coefficient of variation of rainfall; Productivity is mean
productivity; MTEMP_MEAN is mean temperature; MTCOLD is mean temperature of the coldest
month; GTEMP is Mean Growing Temperature; SWSMIN_MEA is mean soil water stress; and
MAP is mean annual precipitation

variation of elevation), environmental favourableness (mean annual precipitation,
mean soil water stress, mean growing temperature, mean temperature of the coldest
month), energy (mean annual temperature, mean productivity), irregularity (coeffi-
cient of variability of rainfall), and human footprint (index of human influence) in
structuring diversity patterns (methods are described in Supplementary Appendix
3.4). To do this, we used SAPIA data for alien species and the Botanical Database
of Southern Africa data for native plant species at the scale of QDGCs. Previous
work showed that species richness of native plants in South Africa could be
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explained by proxies for environmental factors relating to habitat and climatic
heterogeneity, favourableness of rainfall and temperature, energy, seasonality of
rainfall and temperature metrics, and rainfall irregularity (Cowling et al. 1997).
Richardson et al. (2005) and Thuiller et al. (2006) used similar metrics to contrast
the relationship between plant species richness for native and alien species (using
SAPIA data up to 2004) with indicators of environmental and human-mediated
disturbance. We used updated distribution data for naturalised plant taxa (SAPIA
data up to 2018) and a similar range of variables to revisit this question with respect
to the alien plant species assemblages defined in Fig. 3.4. Results show that
determinants of native and naturalised species richness is similar in most zones,
although there are some interesting differences (Fig. 3.5). Native plant species
richness in the “fynbos-specific invaders” zone is strongly associated with levels
of soil water stress. Areas with low moisture stress support higher native species
richness than areas with high levels of moisture stress overall. For the “semi-arid
invaders” zone, Mean Growing Temperature (GTemp) is important for native
species richness, whereas mean Annual Precipitation and the coefficient of variation
in rainfall are important determinants of naturalised species richness. For the “grass-
land-specific invaders” zone, Human Footprint and Mean Temperature are important
for naturalised but not native species richness. Interestingly, patterns in naturalised
species richness in all zones is largely explained by environmental factors, and
human-mediated disturbance is not a major determinant at the QDGC scale. This
supports the results of previous research that showed that environmental drivers
predict invasion patterns at broad spatial scales, whereas disturbance is important for
explaining patterns only at the landscape scale (Rouget and Richardson 2003a, b; see
also Wilson et al. 2020, Chap. 13).

3.6 Conclusions

South Africa has a long history of plant introductions and invasions, some aspects of
which have been well documented and studied. As with all invasions, the current
biogeographical patterns offer a snapshot of the outcomes of the ongoing interplay
among many factors. These factors include the socio-historical processes that have
determined which species have been introduced, and to which sites, the traits of the
alien species, and features of the recipient ecosystems, and in many cases the multi-
faceted role of humans in influencing invasions. The study of the biogeography of
South African terrestrial plant invasions has been highly productive, but many questions
remain. For example, research is needed to better understand the introduction dynamics
and how processes of introduction, cultivation and dissemination interact with environ-
mental features to shape major plant “invasion syndromes” (sensu Kueffer et al. 2013) in
South Africa. Understanding the biogeography of plant invasions is a crucial prerequi-
site for effective planning. In this regard, we suggest several priorities for future research.



3 The Biogeography of South African Terrestrial Plant Invasions 89

There is an urgent need for an accurate alien flora for South Africa, both to ensure
that current invasions are properly managed, and that the risk of future invasions can
be identified and minimised (see Sect. 3.3.1, and Kumschick et al. 2020, Chap. 20,
for more details). The alien flora should include objective information on the
introduction status of each taxon according to the unified framework for biological
invasions (Blackburn et al. 2011; Wilson et al. 2018). It should be updated regularly
as part of the processes for completion of the triennial national status reports
mandated in legislation (van Wilgen and Wilson 2018).

“Alien plant species assemblage zones” (Fig. 3.4) reflect the outcome of decades
of alien plant taxa arranging themselves in space following human-mediated intro-
duction and dissemination and interactions with environmental (Wilson et al. 2020,
Chap 13) and biotic (Le Roux et al. 2020, Chap 14) features of South African
ecosystems. The dimensions and determinants of these species assemblages and the
zones they occupy deserve further attention; these zones potentially define ecolog-
ically meaningful spatial units for national-scale planning (Fig. 3.4).

There is also a need for a systematic monitoring system to detect and track
invasions (Latombe et al. 2017). This should incorporate active on-ground surveil-
lance, remote sensing, and citizen science initiatives [e.g. expanding SAPIA to tap
into iNaturalist (https://www.inaturalist.org/), and drone and satellite technology].
Visser et al. (2014) showed the value of freely available Google Earth imagery for
detecting changes in the distribution of invasive alien plants, especially trees. A
series of sentinel sites could be established to allow for the monitoring of the extent
of invasions of key taxa and sites.

The dimensions of the invasion debt in South Africa’s alien flora requires much
more research. Many naturalised species are clearly poised to invade large areas; the
potential ranges of these species need to be determined to inform response efforts.
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Chapter 4 )
Invasive Alien Aquatic Plants s
in South African Freshwater Ecosystems

Martin P. Hill (, Julie A. Coetzee (», Grant D. Martin (», Rosali Smith (),
and Emily F. Strange

Abstract South Africa has a long history of managing the establishment and
spread of invasive floating macrophytes. The past thirty years of research and the
implementation of nation-wide biological and integrated control programmes
has led to widespread control of these species in many degraded freshwater
ecosystems. Such initiatives are aimed at restoring access to potable freshwater
and maintaining native biodiversity. However, in recent years, there has been a
decline in populations of floating invasive plants, and an increase in the establish-
ment and spread of submerged and emergent invasive plant species, which poses
significant threats to aquatic ecosystems. This chapter highlights the vulnerability
of South Africa’s eutrophic systems to successful colonisation by this suite of new
macrophytes following the successful biological control of floating invasive mac-
rophytes, and explores a new regime shift in invasive populations partly driven by
biological control. We suggest that a more holistic approach to the control of
invasive plants would be required to ensure long-term ecosystem recovery and
sustainability.
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4.1 Introduction

Aquatic ecosystems in South Africa have been prone to invasion by alien macro-
phytes, since the first introductions in the early 1900s. These alien freshwater plant
species have become invasive in many rivers, man-made impoundments, lakes and
wetlands in South Africa (Hill 2003), due to anthropogenic dissemination, combined
with increasing urbanisation, industry and agriculture, which have resulted in nutri-
ent enrichment and ultimately eutrophication. Aquatic macrophytes have a number
of key traits that increase their invasiveness, such as rapid vegetative and sexual
reproduction leading to fast population build-up, the ability to regenerate from
fragments, high phenotypic plasticity and efficient dispersal mechanisms (Hill and
Coetzee 2017). If the impacts of these invasive macrophytes are to be alleviated, then
reductions in agricultural, industrial and urban runoff that are high in nitrates,
ammonium, and phosphates will be needed (Cook 2004; Chambers et al. 2008).

This chapter reviews the factors that contribute to the invasiveness of alien
freshwater macrophytes in South Africa, discusses their impacts, and assesses the
control programmes implemented against these aquatic invaders.

4.2 Invasive Macrophytes

The most important invasive freshwater macrophyte in South Africa remains Water
Hyacinth, which was first recorded as naturalised in KwaZulu-Natal in 1910. Four
other species have also been extremely problematic, but are currently under suc-
cessful biological control and together with Water Hyacinth, were referred to as the
‘Big Bad Five’ (Table 4.1). The presence of new invasive aquatic plant species,
which are still in their early stages of invasion but targets for biological control, have
been recorded recently in South Africa. These include submerged, rooted emergent,
free-floating and rooted floating macrophyte species (Table 4.1). Additional species
that are widespread invaders elsewhere in the world, but are not yet present in
South Africa, pose a major threat should they be introduced (Table 4.1).

4.3 Pathways of Introduction

Invasive macrophyte species have been introduced and spread by means of numer-
ous pathways, including the horticultural and aquarium trade, unintentional move-
ment of propagules (i.e., hitchhikers) via boating enthusiasts and anglers, and,
increasingly, via the unregulated internet trade that supplies aquatic plant enthusiasts
(Cohen et al. 2007; Maki and Galatowitsch 2004; Padilla and Williams 2004; Martin
and Coetzee 2011). For example, the horticultural and aquarium trade is the primary
introduction pathway of submerged plants, such as E. densa and H. verticillata into
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new areas, including South Africa (Brunel 2009; Maki and Galatowitsch 2004).
Alien submerged plants are traded either under their correct names, their synonyms,
or common names (Hussner et al. 2014). Unfortunately, the general public and plant
dealers are often unaware of the ecological repercussions of the species they trade.
These species are released intentionally or unintentionally into water bodies and
subsequently spread via plant fragments, with water flow and water sport equipment
having been identified as the major vectors (Coetzee et al. 2009; Heidbiichel et al.
2016). This lack of knowledge regarding invasive aquatic species results in less care
being given to the overflow of ponds or the disposal of plants, which are often
discarded into ponds, ditches, streams and rivers (Duggan 2010). Invasive sub-
merged plants in particular, most likely originating from aquarium releases, pose a
significant negative environmental and economic threat to South Africa. They have
been allowed to escape and spread with few or no control measures, as most
attention has been paid to controlling the more obvious floating aquatic plant
invasions. Awareness and publicity programmes on potential new threats could go
a long way towards preventing their introduction and trade, as well as improved
phytosanitary efforts and border control (Hill and Coetzee 2017).

4.4 Drivers of Invasion

The biology of freshwater macrophytes contributes to their invasiveness as they are
capable of rapid asexual reproduction, and the most damaging species (e.g. Water
Hyacinth and Water Lettuce) produce long-lived seeds. Once established, four
factors contribute significantly to the invasiveness of these macrophytes: the lack
of competition due to the paucity of native floating macrophytes (Cook 2004); the
lack of co-evolved natural enemies in their adventive range (McFadyen 1998);
disturbance, which includes eutrophication (Coetzee and Hill 2012); and the alter-
ation of hydrological flows through the impoundment of streams and rivers, creating
permanent waterbodies that are no longer prone to flooding or drought (Hill and
Olckers 2001). Thus, aquatic plant invasions in South Africa are examples of ‘back-
seat drivers’ (sensu Bauer 2012) in that they rely on the broad ecosystem disturbance
(MacDougall and Turkington 2005) of slow-flowing permanent waters caused by
impoundments, and eutrophication, which facilitates their establishment. This,
linked with a lack of natural enemies, allows them to proliferate, thereby gaining a
competitive advantage over native aquatic plants (Coetzee and Hill 2012).

4.5 Impacts

The negative socio-economic and environmental impacts of invasive aquatic plants
have been well documented globally (e.g. Cilliers et al. 2003; Coetzee et al. 2018).
Invasive floating plants and dense populations of submerged invasive plants form
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large continuous mats that significantly diminish the potential to utilise waterbodies,
and reduce aquatic biodiversity and ecosystem functioning (Hill 2003). In large river
systems in South Africa, such as the Vaal River and several inland impoundments
(e.g. the Hartebeespoort and Roodeplaat dams), invasive populations block access to
sporting and recreational areas and decrease waterfront property values
(McConnachie et al. 2003). Such impacts harm the economies of communities that
depend upon fishing, tourism and water sports for revenue. Losses to the agricultural
community involve the replacement costs of irrigation pumps that block and burnt
out, the drowning of livestock (McConnachie et al. 2003) and water loss (Fraser
et al. 2016; Arp et al. 2017).

Dense mats of floating invasive plants reduce light to submerged plants, thus
depleting dissolved oxygen in aquatic communities. The consequent reduction in
phytoplankton alters the composition of invertebrate communities, with knock-on
effects at lower and higher trophic levels. For example, Midgley et al. (2006) and
Coetzee et al. (2014) showed that Water Hyacinth mats significantly reduced the
diversity and abundance of benthic invertebrates in impoundments in a temperate
and subtropical region of South Africa, respectively.

The cost to control freshwater invasive macrophytes is also significant. The
Department of Environmental Affairs spent some ZAR 42 million (approx. US$3
million) between 2010 and 2018, mainly on herbicide control of Water Hyacinth at a
cost of ZAR 1800 per hectare (approx. US$130) (A. Wannenburgh, pers. comm.).
However, the cost of control varies depending on the locality and application
required. For example, van Wyk and van Wilgen (2002) compared the costs of
controlling Water Hyacinth under herbicide application, biological control, and
integrated control. The most expensive method was herbicidal control (US$250
per ha), while a biological control approach was much less expensive (US$44 per
ha), but the best return of investment was provided by integrated methods (US$39
per ha). McConnachie et al. (2003) showed that Nett Present Value (NPV) of
avoided impacts arising from the biological control of Red Water Fern in
South Africa between 1995 and 2000 amounted to US$206 million, which converted
to a benefit—cost ratio of 2.5:1 for the year 2000, increasing to 13:1 in 2005, and 15:1
in 2010, and although not calculated is still accruing as the weed remains under
complete control. While these examples show the economic benefit of an interven-
tion such as biological control, it is in contrast to manual removal, where for
example, some EUR 14,680,000 was spent between 2005 and 2008 to remove
nearly 200,000 tons of Water Hyacinth from the Guadiana River, Spain (75 km of
river) (Ruiz Téllez et al. 2008). However, in this example, Water Hyacinth
re-invaded the river, most likely from seed, or scattered plants that the mechanical
harvesting had missed, and in 2010, an additional 5 tons of the weed was removed,
followed by >51,000 tons, and then 170,000 tons in 2012 and 2016 respectively. In
10 years of control (2005-2015), up to EUR 26,000,000 was spent (Duarte 2017).
Despite this effort, scattered populations of Water Hyacinth has spread along 150 km
of the river, almost reaching Portugal and Alqueva, the largest Reservoir in Europe,
and this management option has thus failed.
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Impacts associated with the new suite of aquatic invasive species are yet to be
manifest themselves, particularly those of wetland invaders such as S. platyphylla
and I pseudacorus whose distributions are increasing exponentially across
South Africa (Box 4.1). Reductions in wetland floral and faunal biodiversity are
expected. The extent of the alteration to sedimentation processes, hydrology and
subsequent wetland ecosystem service provisioning are not known, but are likely to
be significant.

Box 4.1 Spread of Delta Arrowhead in South Africa

Sagittaria platyphylla Engelm. (Alismataceae; Delta Arrowhead) is a fresh-
water aquatic macrophyte that has become an important invasive species
in freshwater ecosystems in South Africa. The plant was first discovered
in the Kranzskloof Nature Reserve, KwaZulu-Natal, in 2008, followed by
identification of invasions in the Eastern Cape in Makhanda (Grahamstown)
Botanical Gardens and Maden Dam near Stutterheim, and Jonkershoek trout
hatchery near Stellenbosch in the Western Cape, in 2009. These invasions are
assumed to be the result of unintentional introductions via dumping of fish
tank contents, and intentional planting for trout fry.

Sagittaria platyphylla is now regarded as one of the fastest-spreading
invasive species in the country (Henderson and Wilson 2017). It is also
invasive in Australia where its invasion biology and spread has been studied
extensively. The plant’s ability to reproduce sexually and asexually contrib-
utes to its rapid ability to spread. Each S. platyphylla plant produces numerous
inflorescences every few weeks, with approximately 70,000 achenes produced
per inflorescence (Adair et al. 2012; Broadhurst and Chong 2011). Therefore,
even a small population of S. platyphylla could produce hundreds of thousands
of viable achenes every few weeks. Achenes are able to disperse to new sites
via wind and water dispersal, and attachment to recreational equipment and
water birds (Adair et al. 2012). Asexual reproduction occurs via vegetative
propagules, such as underground stem fragments, daughter plants (runners),
stolons and tubers (Broadhurst and Chong 2011). The underground tubers
allow the plant to survive through drought, water drawdown, frost and chem-
ical and mechanical management (Adair et al. 2012).

Annual surveys conducted to monitor the spread, density and distribution
of the plant in South Africa, showed an increase in the number of invaded sites
from a single site in 2008, to 16 sites by 2009, 19 sites in 2013, and over
33 sites in 2017 (first figure below). Sagittaria platyphylla has been success-
fully eradicated from two sites in South Africa through the South African
National Biodiversity Institute’s Biological Invasions Directorate, but it has
spread from a number of sites. Six populations have been monitored since
2008, and results show that the plant has spread on average 11.4 & 4.6 km
from each site (second figure below), at an average of 1.4 km per year (MPH,

(continued)
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Box 4.1 (continued)
unpublished data). The furthest the species has spread from a single location is
27 km in the uMngeni River system in KwaZulu-Natal.

Integrated chemical and mechanical control of S. platyphylla has not
succeeded in slowing its spread in South Africa, as it continues to invade
new sites. Options for biological control using host specific weevils in the
genus Listronotus (Coleoptera: Curculionidae) are currently under investiga-
tion in quarantine at Rhodes University’s Centre for Biological Control.

40 —
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Increase in the number of sites invaded with Sagittaria platyphylla (Delta Arrowhead) in
South Africa since its first identification in 2008
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Spread (in km) of Sagittaria platyphylla (Delta Arrowhead) from key invasion sites in
South Africa
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4.6 Control

A number of management options are available for the control of invasive macro-
phytes, but their success often depends on the use of integrated strategies. Here we
review briefly the various options available.

Small invasions of aquatic macrophytes may be removed manually by hand, or
mechanically using specialised harvesters, but this is labour-intensive and requires
frequent follow-up treatments because not all plants are removed, allowing the
regeneration of the population via vegetative reproduction. In South Africa, mechan-
ical control of aquatic plants is not promoted, but there are some examples, partic-
ularly in the City of Cape Town where managers have adopted a ‘zero tolerance’
approach to aquatic invasive plants, and deploy mechanical harvesters to remove
invasive vegetation, particularly from canals in the city (Fig. 4.1). These efforts have
largely been unsuccessful due to rapid increase in biomass and because the high
costs to not justify continuous removal (L. Stafford, pers. comm.).

Herbicidal control using glyphosate is most widely used to control Water Hya-
cinth in South Africa, but is limited in its success as it is temporary (Hill 2003). New
invasions invariably regenerate from untreated plants, and seeds germinate from the

e

Fig. 4.1 Mechanical and manual removal of Egeria densa (Brazilian Waterweed) from the
Liesbeek River in the City of Cape Town. (Photograph courtesy of J.A. Coetzee)
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hydrosoil following clearing, therefore requiring repeated applications. Integrated
control, combining biological control with limited herbicide applications can reduce
plant coverage and collateral damage to native vegetation (e.g. Jadhav et al. 2008).
Herbicidal control is not recommended for the floating species under effective
or complete biological control (i.e., P. stratiotes, S. molesta, M. aquaticum and
A. filiculoides). Newly-identified Category la aquatic invaders (see Box 1.1 in van
Wilgen et al. 2020, Chap. 1, for a definition of categories), such as I. pseudacorus
and S. platyphylla, are targeted for eradication by the South African National
Biodiversity Institute’s Biological Invasions Directorate (SANBI’s BID), and these
species require both mechanical and herbicidal control. Herbicides are registered for
use against some of these new invaders, but should be seen as short-term solutions
because their distribution has developed beyond the lag phase of invasion, and
eradication is no longer possible.

Large populations of floating macrophytes can be controlled effectively through
biological control, which is both economically and environmentally sustainable
(Hill et al. 2020). Floating macrophytes are particularly susceptible to biological
control with a number of successful cases throughout the world, and in South Africa.
For example, P. stratiotes, S. molesta, M. aquaticum and A. filiculoides have all been
brought under complete biological control by a single agent in as little as 2 years, to a
point where they no longer threaten aquatic ecosystems (Hill 2003). In contrast,
biological control of Water Hyacinth has been variable, depending on water nutrient
quality, cold winter temperatures and interference from herbicide operations
(Coetzee et al. 2011a). In systems such as New Year’s Dam near Alicedale in the
Eastern Cape, where the water is oligotrophic, the biological control of Water
Hyacinth has been highly successful (Hill and Coetzee 2017). Ultimately, the
long-term success of floating macrophyte control requires the integration of a variety
of methods, with the most emphasis on reducing nitrate and phosphate pollution into
aquatic environments (Hill 2003).

Utilisation of the excessive biomass of floating aquatic plant invasions, particu-
larly in poorer rural areas, is often encouraged as a management option, where local
communities are perceived to benefit from their use (Coetzee et al. 2009). Unfortu-
nately, this is rarely effective due to the effort required to remove significant amounts
of high water content biomass, and may even promote their spread. Water Hyacinth,
for example, is nearly 95% water, and to gain 1 tons of dry material, 9 tons of fresh
material is required, decreasing the commercial viability of such harvesting opera-
tions (Julien et al. 1999).

While South Africa has decades of experience in controlling floating aquatic
plants, the initiation of biological control programmes against new aquatic invaders
is in its early stages. The most recent release of an aquatic plant biological control
agent was made in early October, 2018, when a leaf-mining fly, Hydrellia egeriae
Rodrigues (Diptera: Ephydridae), was released on the Nahoon River, East London,
Eastern Cape, for the control of the submerged Brazilian Waterweed, E. densa
(Box 4.2).
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Box 4.2 Release of the First Biological Control Agent Against Egeria
densa

Egeria densa (Brazilian Waterweed), first recorded in South Africa in 1963
from the Durban area, is currently regarded as the most widely distributed
submerged invasive aquatic plant species in South Africa. It forms dense
populations in slow-moving rivers, and impoundments. The species is native
to South America, and was most likely introduced to South Africa via the
aquarium and ornamental plant trade. It is still traded in South Africa, despite
its status as a Category 1b invasive (see Box 1.1 in van Wilgen et al. 2020,
Chap. 1, for a definition of categories), increasing the propagule pressure on
South African waterbodies.

A biological control programme was initiated against E. densa in 2014,
following the identification of the leaf-mining fly H. egeriae as a potential
agent by Cabrera-Walsh et al. (2013) (figure below). The initial research
into the biology and host specificity of the fly was followed by its importation
into the USA as a candidate control agent, after which it was imported into

First release of the leaf mining fly, Hydrellia egeriae (Diptera: Ephydridae), against Egeria
densa (Brazilian Waterweed) on the Nahoon River in East London. (Photo: J.A. Coetzee).
Inset A: adult fly, inset B: fly larva in a leaf mine. (Photographs courtesy of R. Smith)

(continued)



4 Invasive Alien Aquatic Plants in South African Freshwater Ecosystems 109

Box 4.2 (continued)

quarantine in South Africa by the Centre for Biological Control at Rhodes
University. Permission for the fly’s release was granted in June 2018, follow-
ing the results of no-choice and paired choice tests which indicated that the
physiological host range of the fly is limited to species within the
Hydrocharitaceae, with a significantly higher preference and performance on
its host plant. Additionally, continuation tests showed that none of the
non-target species was able to sustain H. egeriae populations for more than
three generations (Smith et al. 2019).

Mass rearing of the fly commenced at the Waainek Mass Rearing Facility at
Rhodes University, shortly after permission for its release was granted. The
Nahoon River in East London was chosen as the first release site for the fly
largely due to the size of invasive populations of E. densa, and because it was
the first population identified in South Africa during annual countrywide
surveys, in 2008. It is also a site that has undergone a regime shift driven by
biological control, from a floating plant dominated state of Water Hyacinth to a
submerged stable state of E. densa. The fly was released on 12 October 2018,
and the first post-release survey a month later confirmed its establishment in
the system (RS, pers. obs.). Further releases will be made at invaded sites
around the country.

4.7 Regime Shifts and Alternate Stable States

The integrated control programme against invasive macrophytes in South Africa has
been highly successful, as measured by an increase in the number of sites under
biological control, coupled with a significant reduction in the cover of these invasive
plants and a degree of recovery of ecosystem services (Hill and Coetzee 2017,
Zachariades et al. 2017). However, unless the primary driver of invasions (i.e.,
eutrophication by nitrates and phosphates) in aquatic ecosystems is addressed, we
anticipate a succession of invasions by a new suite of emergent and submerged
invasive aquatic plant species (Coetzee et al. 2011a, b).

Ecosystems that are successfully colonised by non-native species often remain in
long-term stable degraded states (Scheffer et al. 2003). However, there is evidence
that the successful control of floating invasive plants can facilitate the proliferation
of a new suite of invaders, inducing a secondary degraded stable state (Strange et al.
2018). As a result of successful biological control and the subsequent decomposition
of floating plant biomass, there is an increase in available nutrients, light and space
within the water column. Invasive submerged plants can successfully capitalise on
this new abundance of resources and proliferate (Chimney and Pietro 2006; James
et al. 2006; Longhi et al. 2008). This is confounded by high levels of external
nutrients that facilitate plant growth and help to sustain a new stable regime of
submerged invasive plant dominance (Duarte 1995). The systems thus have two
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alternate stable states, one dominated by floating invasive plants and the other by
submerged invasive plants, with biological control triggering the shift between these
stable states (Strange et al. 2018).

4.8 Discussion

We have shown that biological control has played a significant role in the recovery of
aquatic biodiversity (Midgley et al. 2006; Coetzee et al. 2014), but such biodiversity
benefits will be short-lived in impacted ecosystems unless integrated catchment
management addresses eutrophication. If not, new invasions will replace the plants
that have been cleared. To minimise the impacts of invasive submerged plants,
research in South Africa must now focus on understanding the mechanisms facili-
tating these new invasions, and on devising successful management strategies. Such
strategies must also address ecosystem-level responses to control to improve the
chances of long-term success. Traditionally, intervention has been aimed at restoring
ecosystems dominated by an invasive species by removing the invader (Dobson
et al. 1997; Prach et al. 2001; Young 2000). However, when we consider such
restoration in the context of regime shifts between degraded stable states, there is a
clear need to adopt a more holistic approach. It is important to consider the effect that
invasive species have upon the multitrophic interactions that define ecosystem
structure and functioning. Further multitrophic studies could also help to elucidate
the drivers that determine levels of success and failure in the establishment of both
invasive species, and their biological control agents (Harvey et al. 2010).

Identifying management interventions that will be both successful and econom-
ically justifiable will require a thorough understanding of the affected ecosystem as a
whole. The most efficient management can be obtained by prioritising those systems
where management interventions would be most likely to succeed. South Africa is in
the relatively early stages of research into the control of submerged invasive
macrophytes. Experience gained in South Africa in the successful biological control
of floating invasive plants may well be the route to follow. It can be a lengthy
process, but could well deliver excellent results.

The single most important mitigation measure to reduce further impacts of
invasive macrophytes is prevention of invasions at the outset (Tamayo and Olden
2014). Although legislation to prevent introduction and enforce management of
invasive alien species does exist, the lack of financial resources and manpower to
implement these legal requirements remains a challenge. Furthermore, it is important
to coordinate actions against invasive macrophytes in neighbouring countries, oth-
erwise a species that is being controlled or eradicated in one country might simply
reinvade from an invaded neighbouring country through shared watersheds, render-
ing all efforts futile (Faulkner et al. 2017). This would require an effective
biosecurity approach that builds on knowledge of potential invaders and invadable
systems, and pathways of introduction and spread, incorporated into early detection
and rapid response programmes (Hussner et al. 2017). Recent improvements in
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South Africa’s biosecurity and risk assessment processes of the Department of
Environmental Affairs and SANBI’s BID are positive steps towards reducing risk
from new introductions (Kumschick et al. 2018, 2020, Chap. 20).
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Chapter 5 )
Terrestrial Vertebrate Invasions Creck o
in South Africa

John Measey @), Cang Hui @, and Michael J. Somers

Abstract In this chapter we review the current knowledge on terrestrial vertebrate
invasions in South Africa. Thirty species of mammals, birds, reptiles and amphib-
ians are considered to have arrived over the last 10,000 years, with two thirds
having become invasive in the last 150 years. Half of the species are mammals, a
third birds, with three reptiles and two amphibians. Although there are multiple
pathways, there appears to be a trend from species that were deliberately introduced
in the past, to accidental introductions in the last ~100 years, which are a by-product
of increasing trade, both internationally and within South Africa. Few invasive
terrestrial vertebrate species have had their impacts formally assessed within
South Africa, but international assessments suggest that many can have Moderate
or Major environmental and socio-economic impacts. Of particular concern is
the growing demand for alien pets within the region, with increasing amounts of
escapees being encountered in the wild. We consider the importance that the NEM:
BA Alien and Invasive Species Regulations have had on the research of invasive
terrestrial vertebrates in South Africa, and emphasise the importance of regulations
for domestic exotics.
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5.1 Introduction

The emphasis on biological invasions in South Africa (as elsewhere in the world) has
historically been on plants, because of their visibility, their perceived higher impact
and the large areas they have invaded in different biomes of the country (PySek et al.
2008; Richardson and van Wilgen 2004). Animal invasions have received notably
less attention, and only following the passing of South Africa’s National Environ-
mental Management: Biodiversity Act (Act No. 10 of 2004) (hereafter NEM:BA)
were legal and financial measures put in place to control or remove them. Vertebrate
invasions in freshwater environments (i.e. all fishes) are covered elsewhere in
this book (Weyl et al. 2020; Chap. 6). In this chapter we provide information on
30 invasions by vertebrate species (mammals, birds, reptiles and amphibians,
Table 5.1).

Many of South Africa’s invasive vertebrates have undergone rapid range expan-
sions, or been transported within the region, beyond their historical ranges. These are
often referred to as extralimital (e.g. Spear and Chown 2009a), or even as domestic
exotics (Guo and Ricklefs 2010), and therefore many have not been historically
included in lists of invasive species, as they are not alien to the geopolitical unit of
South Africa. Our selection of species included here was initially based on terrestrial
vertebrate invasions listed in Picker and Griffiths (2017), but we have augmented
this to include other vertebrate species that fit the definition of “alien” by Richardson
et al. (2011a). We acknowledge that there are many alien vertebrates present in
captivity (stages B1, B2, B3 in Blackburn et al. 2011), and that there are also
individuals that have been released from captivity both intentionally and acciden-
tally, or transported out of their natural range (stages C1, C2). These species may
become important emerging invaders, and we refer to them explicitly in passing. In
this chapter species accounts are provided for those that have formed self-sustaining
populations, including all stages up to full invasions (stages C3, D1, D2, E).

5.2 History of Introductions, Pathways and Vectors

Prior to the arrival of European ships, South Africa was inhabited by peoples already
using domestic animals, such as Sheep, Ovis aries, Cattle, Bos taurus, Goats, Capra
hircus and Dogs Canis familiaris that were all alien to the region (see Faulkner et al.
2020, Sect. 12.2.2.1). Ships sailing around the coast at this time likely brought with
them early invaders, such as rats and mice. Although records are missing for this
period, credence to this scenario comes from the knowledge that rats (and presum-
ably mice, although the two were both referred to as rats historically) were present in
large numbers prior to the arrival of European settlers (Crawford and Dyer 2000),
and genetic studies on rats suggest movements from the Indian subcontinent were
concurrent with those to East Africa (Aplin et al. 2011).
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The Cape (currently Western Cape and Eastern Cape provinces) then became a
significant staging post for shipping traffic between Europe and Asia from 1600 to
the 1850s. European settlers brought with them more pests and many domestic
animals, some of which were deliberately let loose to breed for the purposes of
supplying meat. These early pathways by ship were dominated by deliberate intro-
ductions. Notable among them were the efforts by the Dutch colonial administrator,
Jan van Riebeeck, to establish a colony of rabbits on Robben Island, which he
reported in his journals in the mid-1600s.

By the mid-1800s societies formed in many colonies to deliberately introduce
species that reminded them of their European origins. In South Africa, many such
introductions are attributed to British businessman, mining magnet and politician
Cecil John Rhodes, Prime Minister of Cape Colony 1890-1896, who is said to have
introduced Sturnus vulgaris (Common Starling), and Fringilla coelebs (Common
Chaffinch), as well as Dama dama (Fallow Deer), and Sciurus carolinensis (Grey
Squirrels), which were themselves introduced to England from North America
(Brooke et al. 1986). During this time there were many more introductions of species
that failed to establish, records of these include four more birds introduced by
Rhodes: Corvus frugilegus (Rooks) Luscinia megarhynchos (Nightingales), Turdus
merula, (Blackbirds) and T. philomelos (Song Thrushes).

The most recent period, over the last 100 years, is associated with the advent of
increased trade between South Africa and broader global markets, the growth of the
game-farming industry, an expansion of the protected area network and subse-
quently ecotourism. The continued growth in trade both externally and within
South Africa (Faulkner et al. 2017) has resulted in a dramatic rise in accidental
introductions, including reptiles and amphibians, as well as more birds and mam-
mals. Deliberate introductions, however, persist.

The game industry has emerged as a significant pathway for the introduction of
large herbivorous mammals. The importance of the game industry in South Africa
has resulted in 38 ungulate species being introduced, which is globally second only
to the USA (70 species Spear and Chown 2009a). A countrywide survey found that
of 47 large herbivores present in large commercial tourism or game ranching
operations, 10 were alien and 15 extralimital (Castley et al. 2001). Moreover, all
operations surveyed stocked at least one of these alien mammal species. The mixing
of native and extralimital species in South Africa has provided a particular problem
as this has often resulted in hybridisation, threatening the genetic integrity of native
stocks (Spear and Chown 2008, 2009a, b).

There are a large number of alien mammal species in South Africa (42 reported by
van Wilgen and Wilson 2018 and 51 by van Rensburg et al. 2011), but only a few
(15) of these are invasive or established.

Currently, invasive reptiles in South Africa have all arrived as accidentally-
transported contaminants of the horticultural trade, within consignments of fire-
wood, and in building materials. However, there is a global trend for the importing
and keeping of alien pets, especially reptiles (Herrel and van der Meijden 2014;
Schlaepfer et al. 2005), and a result is the subsequent release of a proportion of these
animals into the wild (Stringham and Lockwood 2018). In South Africa, there are
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numerous reports of encounters with escaped or released pet reptiles. To date, pet
reptiles are not known to have become established in the country, but there has been
an exponential increase in imports from an increasing number of originating coun-
tries (van Wilgen et al. 2010). However, nearly 300 species of alien herpetofauna are
known to have been imported into South Africa and are in captivity (van Wilgen
et al. 2008). South Africans have a preference for pet reptiles that are large, easy to
breed and colourful (van Wilgen et al. 2010).

Like reptiles, amphibian invasions in South Africa are currently minimal, but
there is concern that increases in trade may bring about new invasions (Measey et al.
2017; van Wilgen et al. 2008; Measey et al. 2019; Mohanty and Measey 2019).
Incidents of jump dispersal as contaminants of horticulture, with wood and even
adhered to vehicles are apparently common, likely underreported, and include
international as well as local movements (Measey et al. 2017). Suggestions have
been made that certain taxonomic groups of southern African amphibians are
predisposed to being moved large distances, such that they pose a threat to countries
outside the region. Of particular note in this respect are the ongoing invasions of
Sclerophrys gutturalis (Guttural Toad) and Hyperolius marmoratus (Painted Reed
Frog). A common feature of South African invasive amphibians is the use of novel
permanent man-made water bodies, in the form of farm impoundments or garden
ponds, as a resource that facilitates reproduction and dispersal through stepping-
stone movement across the landscape (Davies et al. 2013; Measey et al. 2017).

Xenopus laevis (the African Clawed Frog) is endemic to South Africa, but
invasive on four other continents (Measey et al. 2012). Genetic investigations of
many of the invasions show the source population to be the extreme south-east of the
country (e.g. De Busschere et al. 2016; Wang et al. 2019), following the evangelical
breeding and distribution of species by nature conservation authorities (see van
Wilgen 2020, Sect. 2.1, and Weyl et al. Chap. 6). African clawed frogs were
exported for pregnancy testing of people, and later for scientific investigations, but
most recently as pets (Gurdon and Hopwood 2003; van Sittert and Measey 2016),
but most animals imported into the USA were bred in China, with no ongoing trade
from South Africa (Measey 2017). In South Africa, the African clawed frog has
undoubtedly extended its range by utilising artificial impoundments, as well as being
seeded by fishermen for later use as bait (Measey et al. 2017).

5.3 Mammalia

5.3.1 Sus scrofa (Domestic Pig)

Domestic Pigs were originally introduced to South Africa by Neolithc farmers
around 9000 years ago (Picker and Griffiths 2011). Since this time, S. scrofa is
likely to have formed part of the manifest of many shipping vessels, and additional
stocks arrived to populate farms. Deliberate attempts to establish self-sustaining feral
populations were also made by the Department of Forestry as a form of biological
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control against the effects of the larvae of the sphingid moth Nudaurelia cytherea
(Emperor Pine Moth) in pine plantations of Tulbach (1926) and Franschhoek (1941)
(Picker and Griffiths 2011; Skead et al. 2011). There were also likely to be small
populations of feral pigs that escaped from domestic stock throughout the country.
Of particular note is the growth in demand for free-range pork and bacon that is
thought to have resulted in sharp increases in established populations in the Western
Cape (R. van der Walt pers. comm). Feral populations of S. scrofa were assessed as
having Massive environmental impact, and Moderate socio-economic impact, with
the highest summed scores for impacts of any of the mammals assessed by Hagen
and Kumschick (2018). In South Africa, the socio-economic damage reported is
thought to be relatively minor (Spear and Chown 2009a), although concern has been
raised about their impacts on the threatened Psammobates geometricus (Geometric
Tortoise) and some rare geophytes, prompting a control programme in Porseleinberg
and Kasteelberg. To date, 1209 feral pigs have been removed, with the population
from Kasteelberg coming close to extirpation (van Wilgen and Wilson 2018). In
terms of the NEM:BA Alien and Invasive Species Regulations (hereafter “the
Regulations”), the species is listed in context of specific sites.

5.3.2 Felis catus (Domestic Cat)

Domestic Cats have been introduced around the world, and are one of the highest
impact invasive vertebrate predators (Hagen and Kumschick 2018). Their introduc-
tion to South Africa probably coincided with early ships and the rodents that came
with them (see below). Some authors distinguish between feral cats, strays and
domestic cats (Dickman 2009), but here we treat them together, as they are often
in continuum and their impacts on the environment appear similar. While the impact
of cats is undoubtedly highest on island fauna (Chap. 8, Greve et al. 2020;
Courchamp et al. 1999), they have also resulted in the extinction of continental
land birds (Dickman 2009). Estimates of predation rates have varied greatly and
mostly consist of prey carried to the owners’ homes. But video cameras fitted to
collars suggest that cats each kill 2-5 small animals per week, with only a quarter of
prey items taken home, half of prey items are left in the field and the remainder eaten
(Loyd et al. 2013). The density of cats in urban areas is estimated to be typically
around 400 cats/km?> (in the UK, Sims et al. 2008). Densities of cats in Cape Town
have been estimated as 80-300 cats/kmz, and are thought to be lower due to the
existence of numerous small carnivores (Caracal, Caracal caracal, mongooses, and
some birds of prey) which are thought to control their numbers (F Morling
unpublished data; George 2010; Peters 2011). In a South African urban conservancy
(in KwaZulu-Natal) the density of cats was found to be between 23 and 40 cats/km?,
with densities likely augmented by supplemental feeding (Tennent and Downs
2008). Despite regular meals for most cats in Cape Town’s suburbs (estimated
density of cats 150 cats/km?), their kill rates estimated using kitty cams, suggest
that annual kills might be as high as 26 million animals, composed of 42% small
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mammals, 30% invertebrates, 12% reptiles, 9% amphibians and 7% birds: alien prey
items were less than 10% of the total (F Morling unpublished data). Individuals have
a home range of around 30 ha, with animals moving up to 0.85 km in a straight line
(George 2010).

In addition to predation, cats may have a substantial sub-lethal or indirect effect
on avifauna, or facilitate invasion meltdown from third-party predators, such as
corvids (Bonnington et al. 2013). High densities of these predators around the
nesting sites of birds are thought to reduce provisioning to nestlings and result in
reduced fitness. Cats continue to be stocked in many areas as they are perceived as
effectively controlling invasive rodent populations (see below). For example, cats
(together with domestic dogs, Canis lupus familiaris) create a landscape of fear in
rural southern African homesteads, changing the foraging patterns of house rats and
other pest rodents (Themb’alilahlwa et al. 2017). Other impacts in South Africa
include the potential for hybridisation with African wildcats, Felis silvestris lybica.
In a genetic study, le Roux et al. (2015) found evidence of hybridisation linked with
a human population pressure gradient, with pure wildcats in the Kgalagadi
Transfrontier Park, while samples from around Kruger National Park demonstrated
some introgression. Despite their clear MR impacts (Hagen and Kumschick 2018),
control of cats has the potential to cause conflicts thought to include aesthetic and
moral values (Zengeya et al. 2017), hence they are only recognised in the Regula-
tions in specific contexts (on South Africa’s offshore islands: see Chap. 8, Greve
et al. 2020).

5.3.3 [Equus asinus (Donkeys)

Donkeys derive from native African wild asses, Equus africanus, which are still
extant in Eritrea and Ethiopia (Moehlman et al. 2015). They, however, arrived in
South Africa via shipping with Europeans in the 1600s (Blench 2004). Little is
known about the extent and impact of feral donkeys in South Africa, although it was
suggested the greatest threat they pose in this region is hybridising with Cape
Mountain Zebra, Equus zebra zebra (Brooke et al. 1986; Fig. 5.1), producing a
‘zonkey’. They are used by various communities and farmers as working animals,
but are often neglected and allowed to roam free, causing competition between
donkeys and other livestock, such as goats and sheep (Cupido and Samuels 2009;
Samuels et al. 2016). A large feral donkey problem was reported from Paulshoek in
the Karoo, where residents complained that donkeys were destructive towards
vegetation (Hoffman et al. 1999). Recent aerial counts around Steinkopf and
Leliefontein estimate that there are as many as 274 donkeys in this area, potentially
consuming ~8% of the grazing available for productive livestock (Muller and
Bourne 2018). Although there are no data to show the effect of donkeys on the
environment in South Africa, they lead to local degradation of the environment, as
occurs in Australia. In Australia, there are an estimated 5 million feral donkeys
(Roots 2007) which are regarded as an invasive pest and have negative impacts on
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Fig. 5.1 A hybrid between a Cape Mountain Zebra (Equus zebra) and a donkey (Equus asinus)
near Cape Infanta in the Western Cape Province. Photograph courtesy of Brian van Wilgen

the environment. In their assessment, Hagen and Kumschick (2018) found that
donkeys can have Massive environmental impact, but only Moderate socio-
economic impact. They compete with livestock and native animals for food and
space, spread invasive plants and diseases, foul or damage waterholes and cause
erosion (Australian Government 2011). In South Africa, local abundance has led to
export of donkey skins from communal areas for the traditional Chinese medicine
and cosmetics market (Cruise 2018). As this often appears to be unregulated, there is
also a growing animal welfare concern for these donkeys (Cruise 2018). They are not
listed as invasive alien species in the Regulations.

5.3.4 Equus ferus caballus (Domestic Horses)

Horses arrived in South Africa via shipping with European settlers in the 1600s.
They were used extensively for transport in South Africa before the introduction of
automobiles. Since then they have been used on farms and for recreation. In rural
communities they are still used for transport, but this is decreasing (Swart 2010).
Little is known about the extent and impact of feral horses in South Africa, with
nothing found on impacts in the formal peer-reviewed literature. There are three
known wild horse populations in South Africa. Two are local tourist attractions. The
largest is a population of at least 200 around Kaapsehoop in Mpumalanga, which
roam an area of about 17,000 ha. The Kaapsehoop area is home to one of the last
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Blue Swallow, Hirundo atrocaerulea, populations, and as livestock trampling has
been shown to negatively affect Burrowing Owls, Athene cunicularia elsewhere
(Holmes et al. 2003), the horses may be similarly affecting the burrow-nesting
swallows. Another population is in Rooisands Nature Reserve and surrounding
properties near Kleinmond in the Western Cape. No data are available in the formal
literature on either population. Muller and Bourne (2018) report on a population of
>100 feral horses in the Steinkopf area of the Northern Cape province, and suggest
that there may be significant competition with domestic livestock in that area.
Throughout the world, feral horses cause degradation and a decline in ecological
integrity (Porfirio et al. 2017). Affects would be context-dependant, but as work in
Australia shows there will likely be degradation of the environment. Like donkeys
they compete with livestock and native animals for food and space, spread invasive
plants and diseases, foul or damage waterholes holes and cause erosion (Australian
Government 2011). Hagen and Kumschick (2018) described horses as having Major
environmental impact, but only Moderate socio-economic impact. They are not
listed as invasive alien species in the Regulations.

5.3.5 Dama dama (Fallow Deer)

Fallow Deer are native to Iran and Iraq and were introduced to South Africa from
Europe in the mid-1800s to Cape Town (prior to the oft-cited movement by CJ
Rhodes, Skead et al. 2011). This population appears to have been moved around the
Cape region, so that by 1970 Fallow Deer covered much of the Western and
Northern Cape, and these populations have expanded significantly (Skead et al.
2011), and are now present in all provinces except Limpopo (Picker and Griffiths
2011). Fallow deer are the most widely sold alien ungulate species in South Africa
(Spear and Chown 2009a). This species is an opportunistic browser, likely to
severely impact native vegetation when densities are high, by ingestion and tram-
pling (Picker and Griffiths 2011). Regulations now prohibit the movement of fallow
deer without permits. Consequently, permits for the movement of fallow deer are
second highest for mammals (after Red Lechwe, Kobus leche leche), but only
11 game farms are permitted to stock them (van Wilgen and Wilson 2018). The
Regulations list fallow deer as a Category 2 invasive species. Their relative impacts
have not been formally assessed using EICAT or SEICAT (Blackburn et al. 2014;
Bacher et al. 2018). One of the best known populations on Robben Island is currently
the subject of control (see Chap. 23, Holmes et al. 2020), and are noteworthy for
unusual dietary behaviours including ingestion of large amounts (up to 2 L) of
plastic (C. Wilke pers. comm.), stranded kelp, newspaper or cardboard and even a
rabbit carcass (Sherley 2016).
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5.3.6 Hippotragus equinus (Roan Antelope)

Roan antelope have been imported into South Africa under permits. However,
hybridisation occurs between sub-species (Ansell et al. 1971), so after the establish-
ment of H. e. koba from West Africa, a moratorium was placed on the movement of
roan antelope in South Africa, and a genetic study investigated the spatial genetic
structure in roan antelope across their African range. Alpers et al. (2004) provided
evidence for the existence of two Evolutionary Significant Units (ESU), based on
both mitochondrial and nuclear data. The first corresponds to the West African
animals (H. e. koba), whilst the East, central and southern African animals formed
the second ESU, essentially combining H. e. equinus, H. e. cottoni, and H. e.
langheldi into a single genetic group.

It has been estimated that only 300 roan antelope are living in the wild in
South Africa, while the remainder (~3500) are ranched on farms (Havemann et al.
2016). Moreover, much of the ranched stocks are now extralimital to the natural
distribution of H. e. equinus, which only naturally occurs in northern areas of Limpopo
province (Kruger et al. 2016). The popularity of this species in the game industry has
given rise to concerns for its genetic integrity, as imported H. e. koba, from West
Africa (Castley et al. 2001), are known to have hybridised with native H. e. equinus
with resulting hybrids. This has led to the listing of list H. e. koba as a Category
2 species in the Regulations, and many conservation authorities now require genetic
testing before permits are granted to move Roan antelope between provinces.

5.3.7 Rusa unicolor (Sambar Deer)

Sambar Deer were introduced to the Groote Schur estate in Cape Town in the 1880s,
and from there made their way to Table Mountain (Picker and Griffiths 2011). Their
population persists in the wooded areas of Orange Kloof and they have also been
seen at the base of the Twelve Apostles. No control programme is in place, and they
are not thought to cause serious impact. They are not listed as invasive species in the
Regulations.

5.3.8 Hemitragus jemlahicus (Himalayan Tahr)

Himalayan Tahr are invasive on the Table Mountain section of Table Mountain
National Park, where they cause erosion to paths and damage vegetation. A small
number of animals were escapees from the Cape Town zoo in the 1930s (Picker and
Griffiths 2011), where they quickly scaled the fence. Numbers have varied since
their introduction and sporadic investments in control (Davies et al. 2020; Chap. 22).
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This species is particularly prominent for the conflicts that it has evoked over control
programmes (Zengeya et al. 2017).

5.3.9 Capra hircus (Goats)

Goats originate from the Iranian highlands and since domestication have been spread
around the world. No introduction date is known for the South African population.
Apart from the established population on the Prince Edward Islands (Greve et al.
2020; Chap. 8), feral populations are assumed to exist throughout South Africa. This
species has been assessed as having Massive environmental impacts through damage
to vegetation while feeding, and minimal socio-economic impacts (Hagen and
Kumschick 2018). Although listed as Category la under the Regulations, it is not
listed as an invasive species on the mainland.

5.3.10 Oryctolagus cuniculus (European Rabbit)

Rabbits were deliberately introduced to Robben Island with the intention of forming
a breeding population as a ready source of meat. Historical records from 1652 (see
Skead et al. 2011), suggest that several consignments of rabbits were introduced to
the island without success until 1658, when successful reproduction was first noted.
A year later, the rabbits were so abundant that van Riebeeck considered that it would
be difficult to exterminate them. Interestingly, historical records suggest that van
Riebeeck was aware that the species should not be introduced to the mainland in case
it became a pest. Indeed, when he left the Cape he cautioned his successor not to
release any rabbits on the mainland. In 2009, the same rabbit population on Robben
Island was estimated to exceed 24,000 individuals (de Villiers et al. 2010). Reduc-
tion of vegetation on the island, is thought to have driven individuals to start
climbing trees to feed on vegetation at heights up to 4 m (Sherley 2016). However,
an ongoing effort has removed around 13,000 animals, and no rabbits have been
seen on the island for more than 1 year (C. Wilke pers. comm. February 2019;
Davies et al. 2020, Chap. 22).

Rabbits have been introduced to all islands off the South African coast, and still
occur on Jutten, Dassen, Vondeling, Schaapen, Bird and Seal Islands (Cooper and
Brooke 1982). Brooke et al. (1986) suggested that rabbits remain unsuccessful on
the mainland as there are too many natural predators.

The populations of rabbits on two islands in the Langebaan lagoon (Schaapen and
Meeuw) were the subject of ecological studies in the 1960s, which suggest severe
repercussions for the natural vegetation, and the birds that nest on the islands
(Gillham 1963). Of note is that the rabbits on Schaapen Island are currently all
albino (Cooper and Brooke 1982). Cooper and Brooke (1982) further note that by
1977 the rabbits on Meeuw Island had become extinct. Rabbits have been assessed
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as having Massive environmental impacts through damage to vegetation while
feeding, and moderate socio-economic impacts (Hagen and Kumschick 2018).
They are listed as invasive species under the Regulations when they occur on
offshore islands.

5.3.11 Rodentia

Globally, invasive rodents threaten agricultural food production and act as reservoirs
for disease (Stenseth et al. 2003). One of the most important impacts of rats in
South African urban areas are those of zoonotic diseases (see van Helden et al. 2020,
Chap. 10), including leptospirosis, plague (caused by the bacillus Yersinia pestis
transmitted from rats via fleas to humans), and toxoplasmosis in humans (Taylor
et al. 2008). They also carry several co-invasive parasites (Julius et al. 2018a, b).
Bartonella and Helicobacter have been found in all three species of Rattus in
South Africa. For example, a survey of rats in formal and informal housing in
Durban found that the rodents carried toxoplasmosis and leptospirosis, but not
plague (Taylor et al. 2008). It has also been suggested that, in South African urban
areas, zoonotic disease prevalence may increase due to the compromised immune
systems of HIV/AIDS patients (van Rensburg et al. 2011).

5.3.11.1 Mus musculus (House mice)

House mice were likely introduced to southern Africa through early shipping. There
are no early records that specifically relate to this species, and its distribution is now
cosmopolitan in South Africa, and sub-saharan Africa (Monadjem et al. 2015). Most
studies on this species relate to South Africa’s sub-Antarctic islands, where impacts
are massive, and these are covered elsewhere (Greve et al. 2020, Chap. 8). On the
mainland, its impact appears to be mostly socio-economic (moderate) (Hagen and
Kumschick 2018), including spoiling of stored foods. Most occurrence records are
associated with building and are apparently scant elsewhere (e.g. Avery 1992). It
should not be forgotten that the introduction of mice and rats has been followed in
many instances by the introduction of cats to control them, and their impacts may
therefore be related. House mice are listed as Category 1b in terms of the Regulations
when they occur on offshore islands.

5.3.11.2 Rattus rattus (House Rats)
House rats were likely introduced to South Africa in pre-historical times

(700-800 AD; Deacon 1986). However, genetic lineages collected in Cape Town
suggest that, unlike animals collected on South Africa’s south coast that are related
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to those of East Africa and Madagascar and are affiliated to Indian haplogroups,
rats in Cape Town belong to a haplogroup from current-day Myanmar, Thailand,
Cambodia and Vietnam region (Aplin et al. 2011). These two genetic groups suggest
multiple introductions to South Africa, via East Africa and direct from the Middle
East or India, and chromosomal differences suggest that they remain independent
races. House rats were reported to be abundant on Robben Island from 1614
(Crawford and Dyer 2000). The house rat has invaded considerably into
South Africa, becoming firmly established in agricultural and urban settings,
although it has also been found in forested environments, away from human
settlements (Monadjem et al. 2015). However, rats have been found to competitively
exclude native mice from homes in rural subsistence settings (Monadjem et al.
2011), such that they are the dominant rodent in and around rural homesteads
(Taylor et al. 2012; Themb’alilahlwa et al. 2017).

5.3.11.3 Rattus norvegicus (Brown Rat)

Brown Rats were likely introduced to South Africa via ship traffic between Asia and
Europe in the seventeenth century, although there are no records to indicate the
date of introduction (Skead et al. 2011). It is a strongly commensal species and its
distribution is assumed to remain coastal, associated with port and urban areas.
However, this species has also been identified in Gauteng province (Bastos et al.
2011; Mostert 2009) presumably originating from coastal areas. This extension of
their distribution may have occurred through airfreight (Picker and Griffiths 2011).

5.3.11.4 Rattus tanezumi (Asian House Rat)

Asian House Rats, Rattus tanezumi, were previously thought to be absent from
Africa, but were identified by molecular methods in 2005 (Bastos et al. 2005). This
species appears to be widespread throughout both South Africa and Swaziland
(Bastos et al. 2011), despite the fact that ecological niche modelling had suggested
the climate of South Africa to be unsuitable, based upon its current range (Monadjem
etal. 2015). The Asian house rat originates in South-East Asia, and is not considered
to have the same high impact as R. rattus and R. norvegicus, but, considering it is a
more recent invasion, its distribution should be monitored for signs of adaptation and
growing impact.

5.3.11.5 Sciurus carolinensis (Grey squirrel)
Grey Squirrels were deliberately introduced to Cape Town by CJ Rhodes around the

turn of the twentieth century (Smithers 1983). Despite more than 100 years since
their introduction, this species has not spread beyond the south-western Cape.
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Dispersal relies on the presence of alien trees, especially pines (Pinus) and oaks
(Quercus), which were earlier historical introductions (Richardson et al. 2020,
Chap. 3). The natural dispersal of these animals was facilitated by deliberate
movements by people into Swellendam and Ceres (see Smithers 1983). By 1920,
the Cape Provincial Government recognised squirrels as vermin, paying three pence
per head (Skead et al. 2011). Squirrels can reach high densities in urban settings with
10-50 per ha in their native areas (Parker and Nilon 2008). Socio-economic impacts
of squirrels include damage to pine nut crops, vegetable and fruit crops, and even
telephone cables (JM pers. obs.). Most of the impacts of squirrels are thought to be
socio-economic, but their sub-lethal and indirect effects on avifauna may be sub-
stantial (Bonnington et al. 2013), as they are known nest predators (Hewson et al.
2004). Today, squirrels are revered by many members of the public, and they are
only recognised by the Regulations in specific contexts (in association with fruit
farming).

5.4 Aves

5.4.1 Invasive Birds in South Africa

There are at least 92 alien bird species that have been introduced to South Africa,
with only a minority having become established (n = 18) or invasive (n = 14) (van
Wilgen and Wilson 2018). A suite of birds were introduced to South African towns
by European colonists of the eighteenth and nineteenth centuries, seeking to make
their surroundings more familiar, as colonists did in many temperate parts of the
world (Long 1981; van Rensburg et al. 2011; Duncan et al. 2003).

In South Africa, invasive birds are unusual in all being strongly commensal with
humans, without viable populations in natural ecosystems (Richardson et al. 2011b).
The spread of native birds into novel (especially urban) areas is not explicitly
covered in this chapter (but see Potgieter et al. 2020, Chap. 11), but the success of
some species is notable as it is based on the modifications associated with agricul-
tural and urban environments (Symes et al. 2017).

For example, Cattle Egrets, Bubulcus ibis, and the Blacksmith Lapwing, Vanellus
armatus, both arrived in the Cape in the 1930s. Hadeda Ibis, Bostrychia hagedash,
expanded into the Cape Region in the 1980s (Macdonald et al. 1986), and their
population has grown considerably as trees and lawns have proliferated in
urbanising areas of a biome which is otherwise largely free of trees and grasses
(Duckworth et al. 2010, 2012; Singh and Downs 2016). Urbanisation has been found
to have a homogenising effect on the avian fauna of South African cities, with both
native and alien birds increasing in density as a result of alien species (van Rensburg
et al. 2009).
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5.4.2 Anas platyrhynchos (Mallards)

Mallards have been introduced around the world as domestic and sporting birds
(Champagnon et al. 2013; Long 1981). The first individuals sighted in the wild in
South Africa were around 1980 in Gauteng and the Western Cape, and are presumed
to be escapees from private collections. In South Africa, Mallards are reported to
hybridise with the Yellow-billed Duck, A. undulata (Dean 2000), and this formed
the basis for the listing of this species in the Regulations as Category 2b and
therefore the need for control (van Wilgen and Wilson 2018; Davies et al. 2020,
Chap. 22), and an impact of Major due to hybridisation with other species in the
genus Anas (Evans et al. 2016). A genetic study, using microsatellite markers of
Mallards, Yellow-billed Ducks and putative hybrids, demonstrated that hybridisation
is indeed taking place, but that the direction of hybridisation is into the Mallard
population, most commonly with Mallard females and Yellow-billed Duck males
(Stephens et al. 2020). This suggests that national control of mallard ducks may be
necessary to effectively protect the genetic integrity of Yellow-billed Ducks.

5.4.3 Passer domesticus indicus (House Sparrows)

House sparrows are believed to have been introduced to South Africa from India by
sugar cane workers who brought them as pets. They have expanded their range
considerably since the 1950s when they were mainly confined to KwaZulu-Natal,
and the population has expanded across South Africa and into all neighbouring
countries in southern Africa. House Sparrows are an example of an opportunist,
commensal species. In Pietermaritzburg, House Sparrow density was found to be
positively related to heavily transformed land use types, such as shopping malls
(Magudu and Downs 2015). As they appear not to impact on native birds, and are
not predators, this species is listed in the Regulations as Category 3, and is consid-
ered to have a moderate impact due to competition with other small passerines
(Evans et al. 2016).

5.4.4 Fringilla coelebs (Chaffinch)

Chaffinches originate in Europe, western Asia and North Africa but were introduced
to Cape Town in the 1890s by C J Rhodes as part of his attempt to make the Cape
more like his homeland. Currently, this species is most commonly seen on the Cape
Peninsula, although birds have been seen as far as Somerset West. Given the
130 years of establishment, it seems unlikely that this species will spread. This
species is not listed as invasive under South African legislation, and its impact has
not been assessed due to a deficiency of data (Evans et al. 2016).
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5.4.5 Alectoris chukar (Chukar Partridge)

Chukar Partridges were introduced to Robben Island in 1964 after six birds were
confiscated by customs officials (Picker and Griffiths 2011). They have a large native
range from eastern Europe to northeastern China. Invasive populations occur in
New Zealand and a large part of the western USA. The Robben Island population is
the only remaining population in South Africa, and is self-sustaining, and may even
be growing following the reduction in the feral cat population (see Davies et al.
2020, Chap. 22). Its impact is considered to be moderate due to hybridisation with
other partridge species (Evans et al. 2016), although impact on Robben Island is
thought to be negligible (van Wilgen and Wilson 2018). This species is listed under
the Regulations as Category 2 on the mainland, and 1b on offshore islands.

5.4.6 Columba livia (Rock Doves)

Rock Doves (aka Common Pigeons) are now widespread in most major urban areas
of southern Africa (Little 1994). This species often forms flocks with native Speck-
led Pigeons, C. guinea, but studies suggest that the resources used by Rock Doves do
not overlap with Speckled Pigeons (Little 1994). The invasion of Common Pigeons
is complicated by their use as pets and in sport (pigeon racing), and escapees from
captive collections regularly supplement invasive populations. This has led to a split
in public perception where pigeons are seen both as pests (e.g. regarded as flying
rats), or an important component of urban wildlife (Cox et al. 2018; Harris et al.
2016). In South African cities, building managers place deterrents to stop individuals
roosting and nesting, but most people in the buildings regard these measures as
unnecessary (Harris et al. 2016). Common pigeons are considered to have a moder-
ate impact due to the spread of disease to native species (Evans et al. 2016), but are
not listed as invasive species under the Regulations in the region. Pigeons are known
to carry a considerable burden of parasites (Mushi et al. 2000), including paramyxo-
virus (Pienaar and Cilliers 1987). Pigeons undoubtedly carry West Nile Virus,
although the presence in invasive populations of C. livia in South Africa is ambig-
uous, although they likely act as reservoirs during outbreaks (Jupp 2001).

5.4.7 Starlings (Genus Sturnus)

Two bird species of the Sturnidae family are top avian invaders both globally and
regionally: Common Starlings, Sturnus vulgaris, and Common Mynas, Sturnus
(formerly Acridotheres) tristis. Their range expansion and evolutionary shifts in
morphology of populations have been studied extensively and are the subject of
Box 5.1.
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Box 5.1 Invasive Common Starlings and Common Mynas

Both Common Starlings Sturnus vulgaris, and Common Mynas, Sturnus
tristis have not fully exploited their potential niches in southern Africa and
are still expanding eastwards and northwards. Of the estimated 2.38 billion
birds and 3.87 million on average per species for the region, the two invasive
starlings (Common Starling: 3.15 million; Common Myna: 1.08 million) are
comparable with the average of 2.52 million each of the 14 native Sturnidae
species (Hui et al. 2009). Sturnidae species are medium sized, c¢. 100 g, and
highly detectable due to their conspicuous features and flocking behaviours.
Both species are dietary generalists and commonly occur in urban areas and
farms, with no feasible control measures planned. Common starlings are often
seen with Pied Starlings (Spreo bicolor) and Wattled Starlings (Creatophora
cinerea) in mixed flocks; in contrast, Common Mynas are bold and particu-
larly aggressive during feeding and roosting (Hockey et al. 2005).

A number of studies have explored the population genetics, dispersal
strategies and morphological traits of both species during their range expan-
sion in the region (Berthouly-Salazar et al. 2012a, b, 2013; Hui et al. 2012;
Phair et al. 2018). In particular, the invasion dynamics of the two species have
supported the two contending mechanisms behind boosted/accelerating inva-
sive range expansion (Hui and Richardson 2017): frequent long distance
dispersal (LDD) and spatial sorting. Frequent LDDs are often captured by a
leptokurtic fat-tailed dispersal kernel (Kot et al. 1996; Ramanantoanina et al.
2014), whilst spatial sorting of individuals with stronger dispersal abilities at
the advancing range edge could leave behind a shift of dispersal-related traits
from the introduction point to the range front (Shine et al. 2011). The core-
edge comparison of morphological traits for Common Starlings sampled
across South Africa shows little signs of spatial sorting of wing morphology,
but instead reveals associations of resource competition traits (bill morphol-
ogy) with distance to the introduction location (Phair et al. 2018). This is
similar to the pattern of Common Starlings in North America (Bitton and
Graham 2015) but contrasts with detected spatial sorting of wing morphology
in Australia (Phair et al. 2018). Genetic analyses of Common Starlings in
South Africa have confirmed strong genetic connectivity between core and
edge populations, supporting frequent LDDs behind boosted range expansion
(Berthouly-Salazar et al. 2013). The acceleration of range expansion of Com-
mon Starlings in South Africa is linked to increased contact with changing
precipitation regimes (Berthouly-Salazar et al. 2013), supporting the “good
stay, bad disperse” rule identified for Common Starlings in Britain (Hui et al.
2012). The detected spatial sorting of bill morphology reflects altered selection
forces imposed by different environmental heterogeneity (Phair et al. 2018),
also pointing out potential trade-offs between dispersal and foraging traits that
could offset the pattern of spatial sorting of dispersal traits (Brown et al. 2013).

(continued)
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Box 5.1 (continued)

For Common Mynas in South Africa (likely for A. ¢ tristis) a significant
correlation was detected between distance to Johannesburg and both dispersal
and cognitive traits (Berthouly-Salazar et al. 2012b). Furthermore, sex-biased
dispersal in Common Mynas amplifies the spatial sorting of dispersal traits in
females (stronger dispersers), specifically the wing morphology (and head
size, a qualitative proxy for brain size and thus cognitive abilities), but
weakens the pattern in males (figure below). As dispersal strategies are
typically linked to mating systems, resulting in resource defence in monogamy
where males take the lead role in acquisition and defence of resources and thus
receive considerable benefits by remaining philopatric. However, this also
makes males more susceptible to predation, and consequently favour
aggression-related traits such as morphological variation in tails for male
mynas. Sex-biased dispersal also leads to less balanced sex ratios in core
populations (e.g. sex ratio is 0.45 for birds within 250 km radius to Johannes-
burg versus 0.49 for birds beyond the radius). No strong spatial sorting
patterns were detected for the subspecies A. . tristoides, with no morpholog-
ical traits correlated to the distance from Durban (Berthouly-Salazar et al.
2012b). Dispersal-related traits often become homogenised once the range
expansion stops so that while the spatial sorting influences morphological
variation in expanding populations, its effect will be diluted once populations
reach their equilibria. Since the introduction to Durban pre-dates the introduc-
tion to Johannesburg by nearly 30 years (Hockey et al. 2005), the
Durban expansion has potentially filled up most suitable habitats and reached
the distributional equilibrium. In addition, distinct environmental characteris-
tics of these two introduction points could have differentially influenced their
expansion. Johannesburg is located within the grassland biome of
South Africa, whereas Durban is located within a subtropical thicket that
extends along the east coast of the country. While the open grassland or
savanna may be more conducive to dispersal, the thicket and coastal forests
surrounding Durban but also the Drakensberg mountain ridge seems impene-
trable and may have contributed to prevent high levels of dispersal from this
coastal introduction point. Factors of habitat quality could affect non-
dispersal-related foraging traits. Specifically, urbanisation can modify the
quality and type of food resources and therefore influence bill shape (bill
length and depth) (figure below). Primary productivity (and thus the habitat
quality and food resources) was found to significantly influence the head ratio
and bill ratio in both sexes (Berthouly-Salazar et al. 2012b).

Overall, frequent LDDs often work for invasive species that are strong
dispersers, while spatial sorting normally acts upon invasive species with poor
dispersal ability (Hui and Richardson 2017). The invasion of Common Star-
lings in South Africa supports the role of frequent LDDs, while the invasion of
Common Mynas the role of spatial sorting.

(continued)
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Box 5.1 (continued)
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Box 5.1 (continued)

insets. Triangles indicate traits related to flight, circles indicate traits related with tarsus, and
stars indicate traits related with bill. W wing, B bill, WTR wing-to-tail ratio, HR head ratio,
BR bill ratio, MEM axis from Moran’s eigenvectors mapping. Note, the spatial predictors
MEM_1 and MEM_4 are associated with the distance from Johannesburg whilst the spatial
predictors (MEM_2 and MEM_3) are related to the distance from Durban and other
environmental factors of habitat quality. From Berthouly-Salazar et al. (2012b), reproduced
with permission

5.4.7.1 Sturnus vulgaris (Common Starling)

Common Starlings are widespread throughout Eurasia, and the South African pop-
ulation stemmed from 18 birds captured in England during winter (potentially
overwintering birds from the European continent) and released at Cape Town in
1897 by CJ Rhodes. The species only became widespread in the Western Cape by
1950 and has gradually expanded into the Eastern Cape in the 1960s and KwaZulu-
Natal in the 1970s (Hockey et al. 2005) (Box 5.1). This species is listed by the
Regulations as Category 3, and it is considered to have moderate impact due to
competition (Evans et al. 2016).

5.4.7.2 Sturnus tristis (Common Myna)

The Common Myna is native to India, central and south Asia. In South Africa there
are two subspecies (Hockey et al. 2005): S. ¢. tristis was introduced to Johannesburg
in 1938 from India and Sri Lanka, but only became established in the region in the
1980s, and S. t. tristoides that was introduced to Durban from Nepal to Myanmar
regions in 1888, escaping from captivity in 1902 (Peacock et al. 2007). Common
Mynas are distributed in transformed lands with high human density, where
populations can reach hundreds of thousands (Peacock et al. 2007). From their
initial release in Durban, populations have spread north-west to Gauteng province,
now occupying much of KwaZulu-Natal and Mpumalanga (Box 5.1). New records
published suggest that the invasion of this species is ongoing, with populations
moving south toward Bloemfontein with short distance movement, such that nearly
half of the entire country is colonised (Broms et al. 2016). Importantly, mynas have
not reached the winter rainfall area of South Africa, where they may heavily impact
on fruit production and the viticulture industry (Gumede and Downs 2019), but the
ongoing expansion suggests that their arrival is inevitable. The Common Myna is
listed in the Regulations as Category 3, and moderate impact due to competition and
predation (Evans et al. 2016).
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5.4.8 Psittacula krameri (Rose-Ringed Parakeet)

The Rose-ringed Parakeet is a popular caged bird that has established populations in
35 countries on five continents (Menchetti et al. 2016; Shwartz et al. 2009). Native to
a broad swath of central and West Africa, and the Indian subcontinent, individuals
have been seen in South Africa ever since caged birds were brought here. Records
include 1850 for Cape Town and birds were common in Durban by the 1970s (Picker
and Griffiths 2011). In South Africa, Rose-ringed Parakeet populations are rapidly
expanding their range (Symes 2014), with animals established in Gauteng (Roche
and Bedford-Shaw 2008), Pietermaritzburg, Cape Town, Steytlerville (in the Eastern
Cape), and Durban where the population currently occupies ~730 km?® with four
main roosts of between 20 and 100 birds (Hart and Downs 2014).

Physiological experiments on caged South African parakeets suggest that these
birds are tolerant of a wide range of ambient, especially low temperatures, and are
therefore equipped to cope with a variety of climatic situations in the country
(Thabethe et al. 2013). However, occurrence of the Rose-ringed Parakeet in
South Africa is currently best predicted by human density (Hugo and van Rensburg
2009). Despite their known impacts as an invasive species, these birds are still
popular as cage birds in South Africa, and 55 of 78 properties issued with notices
under the Regulations were for Rose-ringed Parakeets, with the majority of these
being for traders (van Wilgen and Wilson 2018). Similarly, the Rose-ringed Parakeet
was the second-highest species that had permits issued for use of a listed invasive
species within South Africa for (108) (van Wilgen and Wilson 2018). Impacts
include competition with other cavity-nesting birds and frugivores, as well as
potential impacts on certain agricultural crops (Menchetti et al. 2016). In addition,
Rose-ringed Parakeets are known reservoirs of chlamydiosis and other diseases
(Menchetti and Mori 2014). Their impact is considered to be Moderate based on
competition and predation mechanisms (Evans et al. 2016). Details of their control
are covered by Davies et al. (2020), Chap. 22. See also Potgieter et al. (2020),
Chap. 11 for their impact in the urban context.

5.4.9 Corvus splendens (House Crows)

House Crows are native to the Indian sub-continent, but have invaded countries
in the Middle East, East Africa (Kenya, Tanzania, Mozambique) and offshore
islands (Madagascar, Mauritius, Reunion and Seychelles Nyari et al. 2006). The
first published records of House Crows arriving in South Africa date to the 1970s:
Durban in 1972, and Cape Town in 1979 (Dean 2000; Hockey et al. 2005). These
birds are known to use marine vessels to move from colonies on the east coast of the
continent into South African ports. In the urban context, House Crows are aggressive
toward people, and thrive in densely populated areas where litter and food waste
collects. In Cape Town, they were reported to harass primary and pre-school



5 Terrestrial Vertebrate Invasions in South Africa 137

children, and butchers in informal settlements (L. Stafford pers. comm.). They
damage crops, domestic poultry and have the potential to transmit disease
(e.g. various prion diseases such as scrapie and chronic wasting disease). Their
impact is considered to be Moderate based on competition and predation mecha-
nisms (Evans et al. 2016), and they are listed as invasive species under the Regula-
tions as Category 1b. Details of their control are covered by Davies et al. (2020),
Chap. 22. See also Potgieter et al. (2020), Chap. 11 for their impact in the urban
context.

5.4.10 Pavo cristatus (Common Peafowl)

Common Peafowl] (aka Peacocks) originate from the Indian continent and Sri Lanka,
but have become frequently stocked in residential estates around the world. In
South Africa, these birds have now been recorded in every province and individuals
are frequently seen outside of areas where they were originally stocked. Although
many populations may be maintained and be considered domestic or partially feral,
of particular note is a population on Robben Island which was introduced in 1968,
and has since maintained itself without further interference. To date there have been
no studies on this species in South Africa, but it has been identified as a conflict
species. Some residents love these showy birds, while others loathe them, their
faeces and their loud calls (Zengeya et al. 2017). Individuals are fed by residents, but
birds are not confined and have spread into neighbouring areas. There are vineyards
where flocks of peafowl cause considerable damage to the vines and fruit. The City
of Cape Town has received many requests to remove them from peri-urban areas
where they occur, although they currently are not listed in the Regulations. Evans
et al. (2016) considered impact of this species to be of Minimal Concern with respect
to competition and interaction with other invasive species.

5.5 Reptilia

5.5.1 Invasive Reptiles in South Africa

Currently, all invasive reptiles in South Africa are considered accidental releases
because of inadvertent movement of eggs or adults. However, there are increasing
numbers of reptiles imported (or bred locally) as pets, seen in urban and even rural
settings. South Africa has sightings of escaped Red-eared Slider, Trachemys scripta,
which have been made in Durban, Johannesburg and Pretoria, but breeding has not
been recorded (Branch 2014a). The most commonly encountered alien reptiles are
Corn Snakes, Pantherophis guttatus, with 10 of a total of 45 sightings of alien
reptiles in South Africa (Bates et al. 2014). This is perhaps in part because they have
conspicuous colouration and are unlike most other snakes in the region. Other
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commonly-spotted escaped pets are Bearded Dragons, Pogona vitticeps, Boa Con-
strictors, Boa constrictor, Californian King Snakes, Lampropeltis californiae, and
Sinaloan King Snakes, L. triangullum. Of particular concern is the escape of various
alien pythons which have been confused with native Rock Pythons, Python sebae,
and which can hybridise with the native species. Moreover, some popular pet snakes
appear to be reproductively flexible with parthenogenetic capabilities (Booth and
Schuett 2016; Booth et al. 2012). A rise in popularity of pet reptiles in South Africa
has been previously flagged as a potential emergent invasion issue (van Wilgen et al.
2010). Other than the species discussed below, a number of other translocated and
introduced populations of reptiles are noted by Brooke et al. (1986), but there is no
known change in their current status and so have not been reported on here.

5.5.2 Hemidactylus mabouia (Tropical House Gecko)

Tropical House Geckos are endemic to Central and East Africa, extending south into
the northeast of South Africa. It is one of five invasive Hemidactylus species that
now have global distributions; the others being H. brookii, H. frenatus, H. garnotii
and H. turcicus. Mediterranean climates (such as that in South Africa’s winter
rainfall zone: see Wilson et al. 2020, Chap. 13) are suitable for most of these species,
and it has been predicted that H. brookii will likely expand its range into areas
currently occupied by H. mabouia (Weterings and Vetter 2018).

Populations of H. mabouia species have invaded West Africa, the Caribbean,
South America and Florida (Weterings and Vetter 2018). Invasions have resulted in
displacement of native geckos in Florida and Curacao (Dornburg et al. 2016; Short
and Petren 2012, but see also Williams et al. 2016). The first extralimital records in
South Africa for this species are for East London and Port Elizabeth in the 1980s
(Brooke et al. 1986; Rebelo et al. 2019), although, like the common dwarf gecko (see
below), first sightings in Port Elizabeth may be biased to the activities of a keen
resident herpetologist and the true dates for other cities may be earlier than reported.
Both are presumed to have arrived with seaborne cargo (Brooke et al. 1986). Many
populations are known outside of the native range in South Africa, including a range
expansion along the coastal areas towards East London (Bourquin 1987), and jump
dispersal to almost all urban areas in the central and south of the country. Introduc-
tions to Simon’s Town and Gordon’s Bay in the Western Cape in 1962 and 1976
respectively, were deliberately made from Sierra Leone (Brooke et al. 1986). While
it is not known whether displacement of native geckos is occurring, there are
anecdotal observations of displacement of the Marbled Leaf-toed Gecko, Afrogecko
porphyreus, in Cape Town (which itself has an established population in Port
Elizabeth: Rebelo et al. 2019). The impact of the Tropical House Gecko has not
been formally assessed, and it is not listed in the Regulations.
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5.5.3 Lygodactylus capensis (Common Dwarf Gecko)

This species is a day gecko, which like the Tropical House Gecko is native to the
north-eastern areas of South Africa but it’s commensal habits have led to it invading
many urban areas of the country (Bauer et al. 2014), such that it has been described
as South Africa’s most successful invasive reptile (Rebelo et al. 2019). The earliest
records date to around 1956 in Port Elizabeth, although other introductions may have
been earlier (Rebelo et al. 2019). Expansions in peri-urban areas of Port Elizabeth
and Bloemfontein have been rapid, while that in Cape Town has been comparatively
slow. The introduction of this species to Cape Town is thought to have originated
with the establishment of a population in a nursery. Hitch-hiking and stowaways as
adults and eggs are likely to be the pathway of invasions (Rebelo et al. 2019). For
example, a crate from Kruger National Park is presumed to be the source of a
population which established in Addo Elephant National Park in the 1970s (Branch
1981). Branch (2014b) noted that they are rarely found away from man-made
structures, although the number of sightings in natural settings is rising (Rebelo
et al. 2019). As no other day geckos are native to the invaded areas, there is unlikely
to be any intra-guild competition. The common dwarf gecko is not known to be
invasive elsewhere in the world, although it is a likely candidate, and its impact has
not been assessed. Common Dwarf Geckos are not listed in the Regulations.

5.5.4 Indotyphlops braminus (Flowerpot Snake)

The Flowerpot Snake originates from southeast Asia, but has become invasive all
over the world and is, after the Red-eared Slider, the world’s most widely-distributed
reptile (Kraus 2008). Ironically, this was one of the first snakes recorded from
South Africa (in 1838), and only recognised as an invasive in 1978 (Measey and
Branch 2014). Since that time, new populations have been found at the coast in
Durban (Brooke et al. 1986), and inland in the Western Cape. It is noteworthy that
this species reproduces parthenogenetically, and so easily establishes new
populations on introduction. The impact of these small thread snakes has not been
assessed anywhere, and the species is not listed in the Regulations.

5.6 Amphibia

5.6.1 Hyperolius marmoratus (Painted Reed Frog)

Painted Reed Frogs were detected in Villiersdorp, Western Cape in 1997 and in Cape
Town in 2004 (Davies et al. 2013). A subsequent genetic study showed that these
animals consisted of individuals that were extending their range from the Eastern
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Cape, and translocated animals from Mpumalanga, with the first records around
1995 (Tolley et al. 2008). Davies et al. (2013) explained how Painted Reed Frogs
have been able to overcome their historical range limits by using a combination
of human-mediated jump dispersal and artificial impoundments. This has allowed
these frogs to expand their niche into novel environmental space, not occupied in
the native range (Davies et al. 2013). The permanence of the dams mitigated the
influence of historical climatic barriers that previously prevented movement into
drier and more thermally variable habitats (Davies et al. 2019). Importantly, their
model suggests that the invasion is ongoing, with only around a quarter of potential
sites occupied, a result that was corroborated in a niche-modelling exercise on the
same species, which signified range disequilibrium (Davies et al. 2019). Painted reed
frogs in their novel range were found to exhibit plasticity of temperature limits
and metabolism, which may provide benefit in drier and more thermally variable
habitats of its novel range (Davies et al. 2015). The painted reed frog poses
considerable risk should its populations be moved to other suitable climates globally.
In the urban environment, age-structured and landscape resistance models suggest
that this species would be able to rapidly colonise garden ponds, quickly saturating
an area of 50 km? within 10 years of its introduction to a new site (Vimercati et al.
2017a).

5.6.2 Sclerophrys gutturalis (Guttural Toad)

The Guttural Toad was deliberately introduced to Mauritius and from there to
Reunion in the 1920s as a biological control for mosquitoes (Telford et al. 2019).
The same species was first recorded in Constantia, a suburb of Cape Town, in 2000
(de Villiers 2006), with the presumption that individuals were transferred
unintentionally with a consignment of aquatic plants from Durban (de Villiers
2006; Measey et al. 2017). Genetic investigation into the origin of all three invasions
suggests that all of these explanations are correct. Moreover, invasions into Mauri-
tius and (then) Reunion, also appear to be derived from the Durban area, but have
much greater genetic diversity than the Constantia invasion as a result of the
deliberate introduction (Telford et al. 2019). The rapid movement from Durban, in
South Africa’s summer rainfall zone, to Constantia in the winter rainfall zone (see
Wilson et al. 2020, Chap. 14), and the short period this species has had to adapt, are
of considerable interest. Field data show that Constantia animals are significantly
more dehydrated than Durban populations (Vimercati et al. 2018). However, the
toads were able to withstand dehydration by hunkering down into a water-
conserving posture. The invading toads also performed better in endurance trials,
by moving much farther than animals from their native Durban when dehydrated.
Lastly, invading toads were able to withstand cooler conditions than Durban animals
(Vimercati et al. 2018). This rapid adaptation to a novel climate means that Guttural
Toads could invade more areas with a similar climate.
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The Constantia population has been subjected to control measures (see Davies
et al. 2020, Chap. 22) and is also mentioned in the context of urban invasions
(Potgieter et al. 2020, Chap. 11). Modelling of the Guttural Toad invasion has
provided insight into population dynamics, which translate into practical implica-
tions for control. For example, the density-dependent nature of tadpoles and
metamorphs (Vimercati et al. 2017a, b) means that contracted workers can concen-
trate on removing adults and juveniles, saving considerable expense and time spent
in private properties.

5.7 Future Perspectives for Invasive Vertebrates

Our cumulative records for terrestrial vertebrates look unlike those reported by
Picker and Griffiths (2017) (Fig. 5.2a), most likely as they were missing some
introduction dates and ‘domestic exotics’ such as the geckos and frogs. Their
inclusion here suggests that contrary to the conclusion of Picker and Griffiths
(2017), terrestrial vertebrate invasions in South Africa have seen the biggest rise
during the last 150 years. We found that the proportion of deliberate to accidental
introductions was skewed toward deliberate introductions, although the trend is
moving from deliberate to accidental (Fig. 5.2b). Similarly, species in the last
150 years have Asia as the most common donor region. However, most recently,
is the arrival of ‘domestic exotics’ (Guo and Ricklefs 2010), species that have part of
their native and introduced range within South Africa. Studies to date (Telford et al.
2019; Tolley et al. 2008) suggest that all invasions originate from populations within
the country.

Many of the species reviewed here still have the capacity to increase their
distribution and invasive impact in South Africa, and so reports of low or no impacts
mentioned above are probably not static. Although it is encouraging that only a
single successful twenty-first century invasion is recorded here (Asian House Rat,
R. tanezumi), this situation may reflect a level of invasion debt in vertebrate species
(Rouget et al. 2016), commensurate with the increased levels of trade (Faulkner et al.
2017). Many of the impact levels (EICAT and SEICAT, see Blackburn et al. 2014;
Bacher et al. 2018) noted above have not been assessed in the South African context,
but this is required for high-ranking species such as feral pigs, donkeys, feral cats,
horses, fallow deer, goats and house crows. This sets an important research agenda
for the region.

Interactions between invasive vertebrates (and other invasive species) are not well
documented in South Africa, but have been implicated with the term ‘invasion
meltdown’ when facilitation occurs. Conversely, some invasive species can repel
others or simply have negative impacts, such as Rose-ringed Parakeets attacking and
killing House Rats (Herndndez-Brito et al. 2014).

There are also signs that the numbers of invasive vertebrate species are rising
(Fig. 5.2a). Of concern is the growing demand for ornamental and caged birds in
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Fig. 5.2 (a) The cumulative number of invasive vertebrate species (solid line) shows previously
undescribed trend of quick growth rates from the mid-1900s. Sharp increases in the late 1800s are
attributable mostly to birds (dotted line), while mammals continue to show a steady growth (dashed
line). (b) There is a trend away from deliberate introductions and towards a growing number of
accidental introductions

South Africa, and other parts of the developing world (Goss and Cumming 2013),
which may see a rise in invasive species. Similarly, the rising demand for reptiles as
pets, and the rising numbers of (especially) snakes (with the threat of hybridisation to
native pythons) found, suggests that we will soon see newly-established populations
of alien species from the pet trade.

Lastly, we emphasise here the need for consideration of domestic exotics with
formal lists of invasive species. NEM:BA is exemplary in its flexibility to formally
list species that are native in some parts of the geopolitical area of South Africa, but
invasive in other parts, as invasive. This has provided important legislative power to
help to control invasions (see Chap. 23).
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Abstract Seventy-seven alien freshwater species are currently naturalised in
South Africa. This list includes 7 protozoan, 1 cnidarian, 2 cestode, 13 monogenean,
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1 nematode, 1 oligochaete, 6 crustacean, 16 insect, 7 mollusc and 21 fish species.
Their origins include all continents except Antarctica and the main pathways for
their introduction into the wild are intentional releases (42% of taxa), as parasitic
contaminants (35%) or stowaways (14%). Escape from captivity has been relatively
unimportant (one fish and one crayfish) and direct introductions for fisheries (49% of
taxa), biological control (19%) and stowaways or contaminants (22%) are the most
common vectors. The chapter provides an overview of the alien freshwater taxa that
are naturalised in South Africa and offers insights into which areas of research are
data deficient. Generally, the introduction pathways and vectors for intentionally
introduced taxa, such as insects imported for biological control or fishes introduced
for fisheries, are well understood and documented. Data on other taxa, and particu-
larly on invertebrates, are scant and only certain groups, such as the parasites of
fishes, and snails, for which there is directed research interest, are documented. As a
result, increased survey effort is urgently required.

6.1 Introduction

6.1.1 Background

While alien species introductions are, after habitat modification and pollution,
considered the third most important threat to freshwater biodiversity in southern
Africa (Darwall et al. 2009), some are useful and important as biocontrol agents
(Hill and Coetzee 2017) or provide nutritional, economic or recreational values
to society (Ellender et al. 2014). Management through monitoring and control
are therefore national priorities in South Africa. This requires knowledge on
which taxa are present in the country and on their current distributions. Here we
provide information on 77 freshwater alien taxa which include parasitic ciliates,
mongeneans and nematodes; jellyfish, earthworms, molluscs, crustaceans and
fishes (Table 6.1). Amphibians and reptiles are discussed in Chap. 5 (Measey et al.
2020).

Although there are many extralimital invasions of native species, this chapter
focusses on biota introduced across the geopolitical boundary of South Africa. It is
based on a comprehensive literature review of the introduction status, known
distribution and impact of alien freshwater taxa that are documented to have
naturalised in South Africa. We focus primarily on taxa that have naturalised, but
discuss failed introductions where appropriate.

6.1.2 Pathways and Vectors

The origins of aquatic biota include all continents except Antarctica (Fig. 6.1a) and
the main introduction pathways into the wild are intentional releases (42% of taxa),



155

6 Alien Freshwater Fauna in South Africa

(ponunuoo)
SnppuLIDILIPpOND )
(L107) 109eAR, aa 1 L10T JUBUIWERIUOD) SOLIYSI]  ®Iensny Jo anusereq “ds snyosowdprq  eoua3ouoy
(€102) SnIDULIDILIPYRD ) 1DUYIS0q
JWIS pue Zadld np aa 1 €107 JURUTWEIUOD) SALAYSL]  eI[ensny Jo qnsered ppYdadoipadlq  eIUIZOUOIN
SnIDULIDILIPYND D)
(L107) 10%eARL aa 1 L10T URUIWERIUOD)  SOLIYSL]  BIeNsSny Joousereq wnpad vjjapadsvi)  LIUIZOUOIN
S1SUUOINY
(L107) ‘Te 19 NS aa 1 G10T JURUIWEIUOD)  SILAYSI] BOLIOWY "N uomade], ysig §n1$20038]10100.41Y ©POIS)
yIpusoayon
(L107) 'Te 39 NS aa 1 0861 JUBUIWERIUOD)  SOLIAYSL] eiseinyg womade], ueisy 216102024108 ©pOIS)
umouy| 11G12M0S
(L10?) 'Te 30 s aa 1 SOQL6] JUBUIIEBIUOD) JON erseIng YSYA[[of Joremysar pIsnoDPadsni) BLIEPIUD)
Soysy QAnRU
oM) pue na1UoJop "W pjod1sid
(L107) 'Te 30 NS aa 1 7861 JUBUIWERIUOD)  SOLIDYSL] erseinyg Jo ansexed deII) pjjUOPOIIYD) ©0Z0)01d
SOUSY 9AIJBU OM) pUR
ss1ylw O ‘vwmonaL g
smpanp ) fordivd ) DYOUSDXIY
(L107) 'Te 30 NS aa 1 7S61 JUBUIWERIUOD)  SOLIDYSL] eiseInyg Sopnay g isered djel) pjjUOPOIIYD) ©0Z0)01d
(L107) 'Te 30 NS aa 1 €861 JURUIWEIUOD)  SALAYSI] eiselng  smpanp ) asered eIy vjoowsid vwosordy ©0Z0)01J
sty
(L107) T8 10 Mg ada I 8L61 JUBUIWEIUOD)  SOLSYSL] eiserny todg amgm sy dodyryoy ©0Z0)01d
(L107) 'Te 10 NS aa N 6861 JueUIWERIUOD)  dpen 19d viseIng  smpanp ) sered AeIID vuLIOfiun DUIPOYILL] ©0Z0)J01J
(L107) ‘Te 10 NS aa N €661 JURUIWERIUOD)  SILAYSI] BoLOWY N sspydu ¢ aysered ajel) DINOD DUIPOYILL], ©0Z0)01]
(L107) 'Te 30 S aa N €861 JURUIWEIUOD)  SALAYSL] eiseinyg oidivo - jo aysered NeIID L0Ip2U 0poqOLYIYI[ ©0Z0)01d
SI)RAQIIIAUY
Q0UQIQJAI UTR]N  SMJEIS smeys  payodar Kemuyped J0J09A uI3uQ uonduosag saroadg dnoin
joedw] uononponuy 18I

SIo1eM [SQIj UBDLJY INOS UI PIsI[eINieu dALY 0} PAJUIWNIOP BXE) JEMYSAIY USIE JO ISIT [°9 dqeL



O. L. F. Weyl et al.

umouy

(9007) 'Te 10 Jastey] aa N L86] umouy JoN JON JIeoseSepejy dwyg DID.LIZS DPIOSIY BIORISNID)

(L107) 'Te 30 s aa 1 200C OSBO[OY  SOLIYSI] BOLIUWLY ‘N dwiyg oung  puvosouv.Lf Ly BIORISNID)

(L107) ‘T8 10 s IN 1 7861 JUBUIWUBIUOD)  SQLIdYSI eIseIng asnoTysy  smowodpl snnd.ay BIORISNID)

umouy

(L107) 'Te 30 s aa 1 umouy J0N JON eouewy ‘S uomyyey onenby  si1suayps pLLdyng  €eeyd0SIQ

(L107) 'Te 12 s aa 1 L10T WUeUIWERIUOD)  dpen 19d eIseInyg DIDINOYAL “d JO dISeIed 11102 SNUDJIPUWID.) BPOJRWAN
SISUDINADYY

(L107) 'Te 10 s aa 1 010T JUBUIWUBIUOD)  SALIdYSL] eiseing oy unjs ysig snjd1ovposdry  eouaSouo
snpnuu

(L107) 'Te 30 s aa 1 10T JUBUIWUBIUOD)  SOLIAYSL] eiseing o1dipd *) jo ansered sni80)(1opq  eouajouoN
snjpjjoun)

(L107) ‘T8 12 NS aa 1 10T JUBUIURIUOD) [0NUOJ0Tg BISBINg Djjap1 *) JO AIsered sni80j(1opqg  eouajouoN
SNSUIIXD

(L107) ‘T8 12 NS aa 1 10T JUBUIURIUOD)  SALIdYSL eIseIng o1d.vo - Jo Asered sni8oj(1opqg  eouagouo

namojop ‘W

‘ssmppnpound §212220.12)2.41

(L107) ‘T8 12 NS ada 1 010 JUBUIWEBIUOD)  SOLIYSL] BOLIOWY "N  ‘Saploups “Jy JO Jsered uo421u2djooy  eoua3ouoN
suiofisnf

(L107) ‘T8 12 NS aa 1 107 JUBUIWUEBIUOD)  SOLIAYSL] BOLOWY "N Saploups “Jy Jo Jisered wintaynajouls  eoud3ouoN
syvdruid

(L107) 'Te 30 s aa 1 L10T JUBUTWEIUOD)  SOLIOYSL] BOLIOWY ‘N Saplouljns “jy Jo disered sSnp121ooyou)  BAUISOUOIA
snpounf

(L107) 'Te 30 s aa 1 10T JUBUIWERIUOD)  SOLIAYSL] BOLOWY "N Saplouwps “jj Jo disereq snp121ooyou)  eAUIZOUOIN

(L107) 'Te 30 s aa 1 L10T JUBUTWEIUOD)  SOLIOYSL] BOLOWY ‘N Saplouljns “jy Jo disered vdsip snp1ajooysu)  eaUd3OUO
smps.ang

(L107) 'Te 10 s aa 1 L107 JURUTWEIUOD)  SOLIAYSI BOLIOWLY ‘N Saplouqps “y Jo dsered snpnounan])  eauaSouo

QOUQIOJAI UTR[N  SMjBIS sme)s  papodar Kemyreq 10109 A ursQ uonduosaq saroadg dnoip

joedw] uononponuy

11

156

(ponunuood) 19 dqel,



157

6 Alien Freshwater Fauna in South Africa

(penunuod)
(ST02) epueI
pue uojo[ddy
(S10T) BpUBIA
pue uojorddy
(ST0T) BpUBIA
pue uoyorddy
(S100) epuBHN
pue uoyorddy
(S102) epuBI
pue uoyorddy
(S107) epueny
pue uojo[ddy
(S107) epuely
pue uoyorddy

(S100) epuBHN
pue uojorddy

TINVS
TANVS

(1102
SPYJLD pue I321d
TANVS
(L102) Te 10 ssunN
(L107) 'Te 10 s

(L10T) 'T& 10 saunN

an
aa
aa
ada
aa
aa
aa
aa
ada
OIN
OIN
OIN
aa
aa

aa

I 6661  Aememors
1 007 Aememols
I 1861 Aememols
1 966T  Aememols
I w6l Aememors
I 9961  Aememors
N 9007 Aememors
I 9861 Aememols
1 aN Aememols
] UMOUY JON UMouy JON
I 0L61  Aememolg
] UMOUY JON UMOUY JON
I 961 ENAIEN|
I 7861 IUBUIWERIUOD)
1 8861 JueUILIRIUOD)

pen 124 eviselnyg

apen 19d eIseing
open 194 edoLLwy ‘S
open jod eOHRWY °S
open 19d eoLRWY "N
open 19d  BoIRWY "N
eIseiny

apen 14

open jod oUWy ‘S

umouy
JON BOLIOWY N
umouy
JON BV
opeiy, eIseang
umouy
JON eIV
apen 194 BOLAWY ‘N
SOLIAYSL] eIseang
SOLAYSL]  eIensny

BIUR[OIN PAINQ

[TeuS puod paInojo)) Isny
[reug o[ddy

[reug 1opperq pards-dreyg
[TeUS puod 2Je[nonay
[reus wioy s wey s Amng
[TeUS UIOH S Wey] 9saury)
[reus Ioppe|g I1opus|S
uewjeoq I

ounbsojA asnoy uowwo))
ojnbsojn 19317, ueIsy
0)1nbSOJA] 19A9] MO[[ X
ysyAer) duremg euersmo|

WO A\ JOYOUY

ysyAeID) me[opay

DA2fIUDLS DIG2ID]
psoursiqn.a Xipvy
osnffip vaovuiod
pInov vsyg
D]2WN]09 PIVULT
1£ump vuwosyagy
SISUUIYD SNJNDILD)
vipiouvw pxajdy
$1IDo11424
DXLI0D0YOLL],
suaidid xapn)
smpordoqv sapay
1d{8av sapay
11YAD]D SNADGUIDIOA ]
paoDULIALD DIPULFT

snIpuLIPILIPYND
xp42Y)

BOSN[OIN

BOSN[OIN

BOSN[O]A

BOSNI[OIN

BOSN][OIN

BOSN[OIN

BOSN[O]A

BOSN[O]A

©1oasuU]

Bloasuy

Bloasuy

©109sU[

BadeIsnI)

Badeisni)

BadeIsnI)




O. L. F. Weyl et al.

smpnIvUL

(L107) 'Te 10 LR aa N 900¢ 9SBI[RY  9pel) Jod BOLLSWY ‘N ysyAie[d uroynog snioydoydiy 9BPI[1590d

(LT0T) T8 10 Ire]y aa N YL61 9Sed[ay  9pel 19d BOLPWY ‘N [reIpIoMS usalD) 1142]jay snioydoydix 9epI[I5a0d

(L1027) Te 10 ey aa N Z161 9SBO[OY  SOUAYSL] BOLIOWY ‘N Kddnn  pppnonaa vijoa0g QepIIo204

(L107) ‘Te 10 1re]y aa 1 9¢61 9SBO[OY [0NUOJ0IY BOLIDWY ‘N YSyo)NbsoA uI1aIsopm swffo viIsnquine epI[1090d

(L107) Te 10 Lre]N aa N G161 QSeo[dy  SQLRYSI] eIseInyg yo19d ueadoing siuvianyf vasag epoIg

(LT0D) T8 10 Ire]y aa N 9681 9SEI[aY  SIURYSI BlseIny yous g, pouly voul] oeprutidA)
X0

(L102) Te 10 arejn. aa 1 SL61 odeosg  soLQUSI eISeINg dren roAns  sdyryomuypyydod gy Jeprud4A)

(L102) Te 10 ey aa 1 6S8T SB[y  SOLIAYSI eIseIng drep uouwrwo) 01dund snuid£) seprutd£)
vjjop!

(L102) Te 10 arejn. an 1 1961 SB[y [0nU0d0Ig eIseInyg drepssern  uoposulivydouas)) Jeprud4A)

(L102) Te 10 ey aa N 9ZLI Qseo[oy  open 1°9d BISY USgp[OD)  SMIDAND SNISSDADY) seprutd£)
snoyoju

(LT0T) T8 10 Ire]y VIN I gso6l OSEI[aY  SIURYSI BV erde(ry, o[ SnUoLY202.10) SePIYdIDH

(8100) e 10 L]y aa N 016l OSBI[Y  SOLIYST BV eide(Ly, ongg snany s1u0.44202.10 QepIYIID
saproujvs

(L102) Te 10 Iy VIN 1 8261 SB[y  SOULIOYSI] BOLISWY "N sseq yinowadIe| $sn423doa21py  QePIYOIRIU))
smppngound

(L107) Te 19 Lre]N amn 1 ov6l QSEO[Ay  SQLRYSI BOLIAWY N sseg papodg snia1dodipy  depryorenua)
snuvpioy

(qL102) Te 10 1Aom an 1 0861 9SBO[OY  SOLIAYSL] BOLIDWY ‘N sseq epLIOL{ snia1doadipy  Qepryorenua)
nauuojop

(L107) e ey Jofe]y 1 L€61 OSBO[OY  SOUYSL] BOLIOWY ‘N sseq Inowews snia1doadipy  Qepryorenua))
SNAYO0.10DUL

(LT0T) T8 10 Iy an 1 6¢61 OSBO[OY  SOLAYSI BOLSWY ‘N [rsentg Suiodo]  QepIYdIENU)

SIYSIY

Q0UQIQJOI UTR]N  SMJEIS smeys  payodar Kemuyed J0)09A uIsuQ uonduosaq saroadg dnoin

joedw]  uononponuy 18I

158

(ponunuod) T'9 AqeL



159

6 Alien Freshwater Fauna in South Africa

BLIOILID A1) JsureSe pajen[eAd usaq JoK 10U Sey I Udym pajen[ead JON SI soroads e—(gN)
pajenieaq joN ‘Juaredde oswooeq aaey 0) syoedwir 103 uononpoxnur ouls pasde[a sey swm Judroygnsur 1o Joedur s31 03 300dsar Yim saroads Yy AJISSE[O 0) UOTIRULIOJUT
ojenbopeur JoyjIo ST 2107} AIYM $10ds—(([(]) JUSIOYR(T eIe( JUSTUUOIAUDS OTOIQE JO BJOIq QATIEU Y} U0 S)oedull SNOLIOR[OP Pasned aAey 0} A[oYIun St soroads
yI—uIeduo)) rewrturjy ¢A103a1es joeduwir 1YY B Ul payIsse]d 2q 03 31 asned p[nom Jeyy sjoeduwr ou sey pue ‘sanisuap uonendod sAneu ur sauIdIP ou Ing ‘elolq
QATIRU OU) UT SENPIAIPUT JO SSUIY A UT SUONONPAI $asned sa10ads ayi—(JIA) JOUTTA $Swais£s009 Jo uonisodwod o1orq Jo d1oIqe ay) 0 JO SORIUNWIOD JO 9INONIs
oy 03 sa3ueyd ou Inq ‘saroads aaneU Jo senisudp uonendod ) ur SQUIOIP sasNed sAdAds AYI—(IA) 2IBIIPOIA (SWIAISAS0I Jo uonIsoduwiod aNoiq 10 dNOIqe )
PUE SONIUNTIWIOD JO AINIONNS Y} UT SaSULYD A[QISIOASI 0] SPEI] PUE ‘sa10ads 9ATJEU dUO 1se9] Ik Jo uonounxe uonerndod o Tesof oy sesned saroads oyi—(VIA) Jofey
S QWAYDS [V IH Y} U0 paseq ST snjess joediil U0 UWnjod YT, "SAISBAUI (]) JO QAISEAUT JOU Jnq pIsifeIneu (N) OIS oIe SnpJs U01joNpo.jul U0 UWN0d Y} UT SOIUG

snangoun{sip
(L107) T8 10 1R ada I 000¢ adeosg  open 19d EILRWY 'S YSYIED UY[IES PRIE[nINUIDA s€ypyorjdodiiard oplon[ig
(BL102) Te 10 1Aom IN 1 0681 OSBI[OY  SOUYSI] erseinyg noiL, umorg pyn owps  depIuowes
ssiydu
(L107) 'Te 10 1re]y N 1 1681 OSBI[OY  SOUAYSI] BOLIOWY N o1, moqurey snyoudyi0ou) ~ depruowes




160 O.L.F. Weyl et al.

A
South America
North America
Eurasia
Australia | I
5 Fisheries
f Crustacea
Asia [ Mollusca
) [ Insecta
Africa [ Other invertebrates
| | ] | ]
B

Other invertebrates |

[] Contaminant
Molluscs B Escape
2 Release
Insects [ Stow away

—m

Crustacean

Cc

Other invertebrates |

[ Fisheries
[ Pet trade

I
1 Biocontrol
Insects || 5 Unknown

Molluscs

Fishes

Crustacean |

| | | | |

15 20 25 30
Taxa

o
[4;]
-
o

Fig. 6.1 (a) Region of origin, (b) pathways and (c¢) vectors of alien aquatic biota present in
South Africa

as parasitic contaminants (35%) or stowaways (14%) (Fig. 6.1b). There are regional
differences in the alien taxa linked to the history and purpose of introductions.
Introductions from other African countries, for example, are mostly fishes intro-
duced to enhance fisheries and for aquaculture, while those introduced from South
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America are mostly insects that were intentionally introduced and released for the
biological control of alien aquatic plants or molluscan stowaways on imports of
aquarium plants (Picker and Griffiths 2011). Escape from captivity has been rare
(one fish and one crayfish) and direct introductions for fisheries and aquaculture
(49% of taxa), biological control (19%), and stowaways or contaminants of inter-
national trade (22%) are the most common vectors for introduction into the wild
(Fig. 6.1c¢).

Although the pet trade has been a pathway for the direct introduction of hundreds
of alien freshwater fishes (Box 12.1 in Faulkner et al. 2020, Chap. 12; van der Walt
et al. 2017), only four have naturalised, mostly in close association with humans
(Ellender and Weyl 2014). Examples include populations of Guppy Poecilia
reticulata in urban streams and the occasional presence of naturalised Goldfish
Carssius auratus populations in urban ponds and impoundments (Ellender and
Weyl 2014). There are, however, exceptions. Vermiculated Sailfin Catfish
Pterygoplichthys disjunctivus escaped from captivity in the upper Mthlatuze catch-
ment and then invaded the Nseleni River via an artificial connection between the two
rivers (Jones et al. 2013). Even more widespread is the Quilted Melania Terebia
granifera, a snail that was most likely introduced into the country as a stowaway
with aquatic aquarium plants and now occurs widely in subtropical rivers and
estuaries (Picker and Griffiths 2011).

Fisheries and aquaculture were the motivation for the importation of at least 12 of
the naturalised alien fishes (Ellender and Weyl 2014) and 1 crayfish (Nunes et al.
2017). Most naturalised populations of alien fishes in South Africa are the result of
direct introductions into the wild (Ellender and Weyl 2014). The desire to develop
opportunities for recreational angling was the main driver for the construction of fish
hatcheries in the early to mid-twentieth century. Once constructed, imported fish
were bred and their offspring released directly into suitable environments by gov-
ernment agencies, acclimatisation societies and angling organisations (Ellender et al.
2014). Fishes introduced for this purpose include Common Carp Cyprinus carpio
(in 1859), Brown Trout Salmo trutta (in 1892), Rainbow Trout Oncorhynchus
mykiss (in 1897) and Largemouth Bass Micropterus salmoides (in 1928) (Ellender
and Weyl 2014). Direct escape from fish farms is also an important invasion
pathway. For example, the invasion of the Olifants and Limpopo rivers by Silver
Carp Hypophthalmichthys molitrix originated from a government fish farm at Marble
Hall (Ellender and Weyl 2014) and the escape of Redclaw Crayfish Cherax
quadricarinatus from an aquaculture facility in Swaziland was responsible for its
naturalisation and subsequent spread into South Africa (Nunes et al. 2017). As was
the case with the pet trade, contamination of introduced fishes and subsequent
infection of other species on fish farms resulted in the spread of many parasitic
organisms together with their fish and crayfish hosts (Smit et al. 2017).

Several releases of biological control agents also resulted in the naturalisation of
several alien taxa. The direct release of aquatic insects as biological control agents is
associated with stringent testing of host specificity (Hill and Coetzee 2017). In
contrast to the careful screening, and consequent impressive safety record of alien
plant biological control (van Wilgen et al. 2013), the misguided release of Grass
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Carp Ctenopharyngodon idella to control aquatic plants, and the Mosquitofish
Gambusia affinis to control mosquitoes, have resulted in invasions and impact
(Ellender and Weyl 2014).

6.2 South Africa’s Alien Freshwater Fauna

6.2.1 Protozoa

Current knowledge of alien freshwater protozoa is scant and is restricted to research by
fish parasitologists who have recorded one alien flagellate and eight ciliates introduced
as contaminants of alien fishes (Smit et al. 2017). Some of these have not been reported
from the wild, or information on their distribution is too scant to make any inferences.
For example, the ciliates Trichodina mutabilis, T. reticulata and T. uniforma are only
known from samples taken from C. auratus in captivity (Smit et al. 2017).

Four alien ciliates have been reported from native and alien fish populations in the
wild (Table 6.1). Ichthyophthirius multifiliis, the causative agent for the disease
ichthyophthiriosis or “White-Spot”, is now a common problem in aquaculture and
the pet trade that was most likely introduced together with C. auratus and spill-over to
native Mozambique Tilapia Oreochromis mossambicus, Straightfin Barb Enteromius
paludinosus and African Longfin Eel, Anguilla mossambica is reported (Smit et al.
2017). Apiosoma piscicola (Fig. 6.2a), a parasite that lives on the gills and body surface
of its host, was most likely introduced and spread together with C. carpio but has since
spread to alien M. dolomieu, and to at least eight native fish species in multiple locations
(Table 6.1; Smit et al. 2017). Similarly, infestation of the body surface, gills and fins of
freshwater fish hosts by the ciliates Chilodonella piscicola (Fig. 6.2b) and Chilodonella
hexasticha (Fig. 6.2¢) cause chilodonellosis, a disease that has resulted in death of
0. mossambicus under culture conditions (Smit et al. 2017).

6.2.2 Platyhelminthes

All 16 known alien flatworms in freshwater ecosystems in South Africa are parasitic
organisms, either of fishes (Smit et al. 2017) or of crayfishes (Du Preez and Smit 2013).
Although many are widespread, they have strong affinities for the host with which they
were introduced. For example, no spillover to native fishes has been reported for the six
ancyrocephalid monogeneans found on Black Bass (Micropterus spp.), despite the
almost ubiquitous presence of its fish hosts in South African ecosystems (Truter et al.
2017). Others, such as the Asian Tapeworm Schyzocotyle acheilognathi, are not only
widespread, but have also spilled over to several native taxa (Smit et al. 2017).
Schyzocolyte acheilognathi (Fig. 6.2d) is a global invader that is known to be
capable of infecting more than 300 fish species (Smit et al. 2017). In South Africa,
S. acheilognathi was introduced in 1975 with infected C. idella from Malaysia. Its
subsequent spread was facilitated by the release of infected fish into the wild and by
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Fig. 6.2 Micrographs of the co-invasive (a) Apiosoma psicicola (Blanchard, 1885), (b)
Chilodinella piscicola (Zacharias, 1894), (c¢) Chilodonella hexasticha (Kiernik, 1909), (d)
Schyzocotyle acheilognathi (Yamaguti, 1934), (e) Lernaea cyprinacea Linnaeus, 1758 and (f)
Argulus japonicus Thiele, 1900 found from various native fish species in South Africa. Photographs
courtesy of Linda Basson (a—c) and Nico Smit (d—f)

its intermediate bird hosts (Smit et al. 2017). The low specificity of S. acheilognathi
for intermediate or definitive hosts resulted in its rapid naturalisation and spread to
fish populations throughout the country, where it now infects at least ten native fish
hosts (Smit et al. 2017).

6.2.3 Cnidaria

The Freshwater Jellyfish Craspedacusta sowerbiyi, most likely introduced into
South Africa as a stowaway with aquatic plants, was first reported from Midmar
Dam in KwaZulu-Natal in the late 1970s (Rayner 1988). This species is now
widespread in South Africa, occurring in large impoundments and ponds in Kwa-
Zulu-Natal and the Western Cape (Griffiths et al. 2015). Although no impacts have
been documented, freshwater jellyfish are predators on other zooplankton, and so
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invasions may impact on zooplankton communities and thereby influence food
webs. Its impacts on, and interactions with, native biota have not been researched
in South Africa.

6.2.4 Nematoda

The only documented alien freshwater nematode is the recently-discovered
Camallanus cotti, a generalist fish parasite native to Asia, and was found on guppies
(P. reticulata) sampled from the Inkomati basin (Tavakol et al. 2017).

6.2.5 Annelida

The aquatic earthworm Eukerria saltensis inhabits the roots of aquatic vegetation,
and is thought to have been introduced from South America, It has been spread
globally and is naturalised throughout the southern hemisphere (Christoffersen
2008). In South Africa, it occurs in variety of moist biotopes along rivers and
impoundments in most of the country.

6.2.6 Mollusca

Molluscs are one of the largest invertebrate groups in South Africa with >5000
species in freshwater, marine and terrestrial environments (Hebert et al. 2011).
Thirteen alien freshwater snails are known to be present in South African fresh
waters, ten of which were introduced via the aquarium and/or ornamental plant trade
(Appleton and Miranda 2015; Lawton et al. 2018). Seven of these species have
naturalised and four—Quilted Melania Tarebia granifera (Fig. 6.3a), Reticulate
Pond Snail Lymnea columella, Sharp Spired Bladder Snail Physa acuta (Fig. 6.3b)
and Slender Bladder Snail Aplexa marmorata—are increasing their ranges (Apple-
ton and Miranda 2015).

Terebia granifera invasions are a particular concern. This freshwater prosobranch
gastropod is native to Southeast Asia, and has invaded aquatic ecosystems in North
America, South America and Africa (Appleton et al. 2009). In South Africa, it was
most likely introduced as a stowaway in aquarium plants. It can reproduce
parthenogenically and its ovoviviparous reproductive strategy allows it to deposit
live young directly into recipient environments (Appleton et al. 2009). This repro-
ductive strategy, coupled with a high salinity tolerance and its competitive feeding
strategy have allowed this species to establish populations in several South African
estuaries (Appleton et al. 2009). In its native range, 7. granifera harbours a diverse
and prevalent fauna of trematodes (Appleton et al. 2009) that, as parasitic castrators,
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Fig. 6.3 (a) Quilted Melania Terebia granifera (Lamarck, 1816) and (b) Physa acuta Draparnaud,
1805 from the Phogolo River. (¢) Illustrates the snail community from the Phonoglo with 93% of
biomass consisting of 7. granfera. Photographs courtesy of Nico Smit

play an important role in the regulation of snail populations. No such trematodes
have yet been recorded in this mollusc species in South Africa, presumably giving
T. granifera the advantage of parasite-release over native species. As a result,
population densities in South Africa can attain several thousand individuals per
square metre (Appleton et al. 2009; Miranda and Perissinotto 2014; Jones et al.
2017); it is often the dominant component of local invertebrate macrofauna com-
munities (Fig. 6.3c).

Impacts of mollusc invasions on South African ecosystems are not well
understood. Research on the trophic niche of these snails has, for example, found
minimal evidence for direct food resource competition with native benthic macro-
invertebrates (Miranda and Perissinotto 2014; Hill et al. 2015). However, the
exceptionally high densities reported from invaded environments may indirectly
limit energy transfers within a food web (Hill et al. 2015), and can result in decreased
benthic macroinvertebrate biodiversity (Facon and David 2006; Perissinotto et al.
2014). Native predators of gastropods may also be impacted through the replacement
of native snail species as they may be unable to feed on the invader as they lack the
ability to break the harder shell of T. granifera (Miranda et al. 2016).

6.2.7 Crustacea

Eight alien freshwater crustaceans have been documented in South Africa. These
include a brine shrimp (Order: Anostraca), a freshwater prawn (Decapoda), four
crayfishes (Decapoda), a parasitic fish louse (Arguloida), and an anchor worm
(Cyclopoida).

The vector(s) and pathway(s) of San Francisco Brine Shrimp Artemia fransiscana
introduction into South Africa are not known (Kaiser et al. 2006). It is possible that it
was introduced by migratory birds, as salt pans in Kenya have been seeded with this
species to facilitate commercial harvesting of cysts, which are a valuable product
used for rearing larval and juvenile fishes in aquaculture (Kaiser et al. 2006). This
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species is currently naturalised in several salt pans in the country where it might
replace native Artemia species (Kaiser et al. 2006).

The shrimp Atyoida serrata was first sampled from the Vungu River in KwaZulu-
Natal in 1987, and has subsequently been reported from several other rivers in that
province (Coke 2018). It is native to Madagascar and, although listed as alien in
South Africa, its introduction history and pathway are not known.

The Japanese fish louse Argulus japonicus (Fig. 6.2e) is a branchiuran species
that has very low host specificity and was most likely introduced together with either
C. auratus or C. carpio. This parasite was first reported on common carp in 1983 and
has spread to at least nine native host species (Smit et al. 2017; Table 6.1).

The anchor worm Lernaea cyprinacea (Fig. 6.2f) is an invasive ectoparasite of
fishes. This copepod anchors itself in the muscles of the host fish. This increases their
susceptibility to secondary infections due to haemorrhagic ulcers that form at the
attachment sites and can result in the reduced condition, growth, fecundity and
sometimes the mortality of affected fish (Smit et al. 2017). Since its introduction
into South Africa in the 1960s, this parasite is known to have infested 12 native
fishes (Smit et al. 2017), including a Critically Endangered species, the Eastern Cape
Rocky Sandelia bainsii (Fig. 6.4) (Chakona et al. 2019).

Freshwater crayfish invasions in South Africa are a cause for concern because there
are no native freshwater crayfishes. Aquaculture and the pet trade have resulted in the
introduction of four crayfish species into the country: Smooth Crayfish Cherax cainii,
Common Yabby Cherax destructor, Redclaw Crayfish Cherax quadricarinatus and
Red Swamp Crayfish Procambarus clarkii. A notable absence from this list is the
parthenogenetic Marbled Crayfish Procambrus fallax which, as a result of spread via
the pet trade, has become a global problem species (Jones et al. 2009). While C. cainii
and C. destructor have not been reported from the wild, C. quadricarinatus and
P. clarkii are naturalised in several localities (Nunes et al. 2017).

Procambarus clarkii, a small (12 cm), typically dark-red species, is a global
invader that was illegally imported into South Africa through the aquarium trade
(Nunes et al. 2017). It can reproduce rapidly as it matures at a young age (8 weeks)

Fig. 6.4 Anchorworm Lernea cyprinacea infestation of an Eastern Cape Rocky Sandelia bainsii, a
critically endangered fish that is endemic to the eastern cape of South Africa. Photograph courtesy
of Albert Chakona/NRF-SAIAB
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and can reproduce several times a year as eggs and larvae remain attached to the female
for only 3 weeks. They occupy burrows during the day but emerge at night to forage.
Procambrus clarkii can disperse over long distances, with reported movements of
17 km over 4 days (Gherardi et al. 2000). Currently, the only populations of P. clarkii
recorded in the wild in South Africa was reported in 1988 from Dullstroom in
Mpumalanga (Nunes et al. 2017) and from a small dam near Welkom in the Free
State (L. Barkhuizen, unpubl data).

Cherax quadricarinatus is a large, mottled blue and beige crayfish with a red
patch located on the propodus (Fig. 6.5). The first record of a C. quadricarinatus
introduction in South Africa was for aquaculture research in 1988, but permits for its
use have not been issued due to concerns about its invasiveness (Nunes et al. 2017).
Its reproductive biology is similar to that of P. clarkii with maturity attained in its
first year of life. It is a non-burrowing species that is tolerant of a wide variety of
habitats in rivers, lakes and impoundments. These concerns were warranted as its
escape from aquaculture facilities in Swaziland have resulted in its downstream
invasion of the Komati, Lomati, Mbuluzi, Usutu and Crocodile rivers in Mpuma-
langa, and the Phongolo River in South Africa (Nunes et al. 2017).

Further north, this species has invaded considerable reaches of the Zambezi
system (Nunes et al. 2017), where observed impacts include predation by
C. quadricarinatus on fishes entangled in gill nets, which affects catch quality and
profits in small-scale fisheries in Zambia (Weyl et al. 2017a, b). While the impacts of
crayfishes on South African ecosystems are not well understood, they are likely to
include predation on invertebrates, competition with functionally similar decapod
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Fig. 6.5 (a) Redclaw Crayfish Cherax quadriacanthus from the Phongolo River infected with (b,
¢) Diceratocephala boschmai. (d) Micrograph of Diceratocephala boschmai stained with
acetocarmine. Photographs courtesy of Nico Smit
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species (freshwater crabs or prawns), disturbance of reproductive activity and
nesting success of substrate-spawning fishes and broad influences on food-web
structure (Nunes et al. 2017). The currently known parasites of crayfishes, such as
D. boschmai (Fig. 6.5b—d), are not known to have spread to native biota.

6.2.8 Insecta

Several insects have been introduced either purposefully for biological control, or
accidentally as stowaways (Table 6.1). In this chapter we consider only insects that
are dependent on the aquatic environment for parts of their life cycle. The
intentionally-introduced insects include mostly biological control agents for invasive
aquatic plants (Janion-Scheepers and Griffiths 2020, Chap. 7; Hill et al. 2020a, b,
Chap 19). Before introduction, candidate biological control agents are subject to
intensive testing to ensure that they do not impact on non-target taxa. While these
organisms fulfil the criteria of being fully invasive sensu Blackburn et al. (2011),
their impacts are beneficial as they are confined to the control of the relevant aquatic
plant species, with no evidence of spread to native species.

Knowledge of the introduction history of other insects not introduced for biolog-
ical control is scant, because they generally arrive as stowaways and, as is the case
for many other invertebrates, reports of their presence in the wild are often dependent
on their discovery by specialists in unrelated surveys, rather than on arrival dates.
The Asian tiger mosquito Aedes albopictus, which was first reported in Cape Town
in 1990, was most likely a stowaway in imports from Asia (Picker and Griffiths
2011). For other species, such as the water boatman Trichocorixa verticalis, current
knowledge is limited to occurrence records.

6.2.9 Teleostei

Fishes are among the most commonly intentionally introduced organisms in the
world (Gozlan et al. 2010). The origins, vectors, and invasion status of naturalised
alien fishes are summarised in Table 6.1, and their current distributions are illustrated
in Fig. 6.6.

Centrarchidae

The fish family Centrarchidae includes popular North American fishes of the genus
Micropterus that were introduced to develop opportunities for angling. Four species,
Largemouth Bass Micropterus salmoides, Smallmouth Bass Micropterus dolomieu,
Spotted Bass Micropterus punctulatus and Florida Bass Micropterus floridanus have
naturalised and most river basins in the country contain at least one of these species
(Hargrove et al. 2019; Weyl et al. 2017a, b). These are the focus of a large
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Fig. 6.6 Established alien fishes and their distributions in South Africa. (a) Salmo trutta;
(b) Oncorhynchus mykiss; (¢) Lepomis macrochirus; (d) Micropterus salmoides and hybrids;
(e) Micropterus dolomieu; (f) Micropterus punctulatus; (g) Carassius auratus; (h) Cyprinus
carpio; (i) Ctenopharyngodon idella; (j) Hypophthalmichthys molitrix; (K) Tinca tinca;
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recreational fishery that makes considerable economic contributions through equip-
ment and tourism-related expenditure (Weyl and Cowley 2015).

Most widespread is M. salmoides, which can attain weights of more than 4 kg in
South Africa (Weyl et al. 2017a, b). As is the case with other members of the genus,
M. salmoides is an aggressive predator, first on invertebrates as juveniles, becoming
more piscivorous as adults (de Moor and Bruton 1988). Its reproduction includes the
construction and defence of shallow-water nests in spring with males guarding eggs,
larvae and fry. As a result of its affinity for vegetated still waters, it is common in
slower sections of all larger rivers and in impoundments (Khosa et al. 2019).

Micropterus floridanus was until relatively recently, considered a subspecies of
M. salmoides because the two species are difficult to distinguish morphologically
and because they hybridise when their ranges overlap (Hargrove et al. 2019).
Micropterus floridanus is better adapted to warmer climates than M. salmoides
(Philipp and Whitt 1991), where it has a longer spawning season (Rogers et al.
2006), lives longer and attains larger sizes than Largemouth Bass (Neal and Noble
2002). Its introduction into southern Africa in 1980, resulted in the increase of the
angling record for “Largemouth Bass” that had remained stable at ca. 4.2 kg for more
than 50 years, to 8.3 kg in Zimbabwe in 2004 (Weyl et al. 2017a, b) and 7.1 kg in
South Africa in 2018 (O. Weyl, unpubl. data). Morphological similarity to
M. salmoides and the generally unreported nature of introductions following the
cessation of government support to stocking programmes in the early 1990s
(Ellender et al. 2014) have resulted in a paucity of knowledge on the extent of
spread of this species (Weyl et al. 2017a, b). Recent genetic assessments of
Micropterus species sampled from 20 South African reservoirs demonstrated that
M. floridanus is not only widespread, but is also expanding its distribution (Weyl
et al. 2017a, b; Hargrove et al. 2019).

Two other Micropterus species were imported to fill gaps between the high-
altitude trout waters and the slow-flowing, lower-lying M. salmoides zone.
Micropterus dolomieu, which have an affinity for flowing water, were introduced
from the USA in 1937 and M. punctulatus in 1939 for stocking in rivers too turbid to
suit M. dolomieu (see Ellender et al. 2014). Although not as widespread as
M. salmoides and M. floridanus, M. dolomieu and M. punctulatus have invaded
parts of many river systems in the Eastern and Western Cape (Khosa et al. 2019).

Micropterus spp. have had deleterious impacts on native fish and invertebrate
species (see Ellender and Weyl 2014; Ellender et al. 2014 for reviews). Most severe
are the impacts on native minnows that have not coevolved with native predatory
fishes (Ellender et al. 2018). For example, in the Olifants River system in the
Western Cape, predation has fragmented native minnow populations to such an

Fig. 6.6 (continued) (1) Oreochromis niloticus; (m) Oreochromis aureus; (n) Perca fluviatilis;
(0) Gambusia affinis; (p) Poecilia reticulata; (q) Xiphophorus hellerii; (r) Pterygoplichthys
disjunctivus (adapted from Skelton and Weyl 2011; Marr et al. 2018; Khosa et al. 2019)
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extent that most species now only persist in headwater refugia that are isolated from
black bass invasion by the presence of waterfalls (van der Walt et al. 2016). This has
reduced the available habitat for native fishes in the Olifants-Doring River system by
more than 700 km of river (van der Walt et al. 2016). As a result, Micropterus spp.
are typical conflict species that require management interventions that consider both,
economic value and harm to biodiversity (Zengeya et al. 2017).

Bluegill Lepomis macrochirus is a relatively small (maximum mass 1 kg)
centrarchid species often co-introduced as prey for Micropterus spp. Imported
from the USA in 1938, this species has been stocked widely, both through formal
stocking initiatives and illegally by anglers. While this species has established
populations in parts of many major South African River systems, published infor-
mation about this species in South Africa is limited to a description of its diet
(Ndaleni et al. 2018) and experimental comparisons of its predation efficiency
relative to that of native predatory fishes (Wassermann et al. 2016).

Cyprinidae

Carp-like fishes of the family Cyprinidae in South Africa include Goldfish
C. auratus and the Asian carps: Common Carp C. carpio, Silver Carp H. molitrix
and Grass Carp C. idella, that are among the most invasive fishes globally (Lowe
et al. 2000). Although invasive cyprinids have been associated with a variety of
impacts, including the co-introduction of alien parasites and diseases (e.g. Smit et al.
2017), habitat modifications and competition with native fishes (Ellender and Weyl
2014), surprisingly little research has been conducted on their impacts in southern
Africa (Table 6.1). As cyprinid fishes are well represented in African native fish
faunas, the introduction of novel parasites and diseases by alien cyprinids is a
concern as there are already several examples of spillover to native species (Smit
et al. 2017).

The first documented introduction of a freshwater taxon into South Africa was
C. auratus in 1726 (de Moor and Bruton 1988). This ornamental fish was most likely
introduced from Asia on Dutch trading vessels (de Moor and Bruton 1988). Asitis a
popular aquarium fish, C. auratus continues to be imported via the pet trade and fish
are occasionally introduced into the wild by aquarists when they outgrow aquaria, or
accidentally during flooding of ornamental ponds. Although this fish is highly
invasive elsewhere, in South Africa feral populations are rare and generally associ-
ated with urban areas. With regard to impacts, C. auratus is associated with the
spread of protozoan, monogean, branchiuran and nematode parasites around the
world, but because these parasites are often associated with other alien fishes, the
direct impact of C. auratus cannot be determined (Smit et al. 2017).

Cyprinus carpio is a large (>1 m in length and 24 kg in mass), brazen gold or
brown fish that is native to Europe and Asia, but has been domesticated as a food fish
for more than 2000 years (Winker et al. 2011). Wild forms are fully-scaled, but
domestic forms include mirror (few scales) and leather (no-scales) variants that were
developed to improve their appeal as a table fish. Cyprinus carpio was first intro-
duced to South Africa from England in 1859 and, as a result of releases into the wild,
now occurs in dams and mainstream rivers of all major river basins in the country. It
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is the most popular recreational angling species in the country and is important in
small-scale and subsistence fisheries (Weyl and Cowley 2015). Impacts on recipient
ecosystems are mainly associated with its impacts on water quality because bottom-
grubbing during feeding suspends sediments, increasing nutrient availability and
turbidity (Lougheed et al. 1998). In addition, this species is responsible for intro-
ducing the most parasitic species into South Africa. Interestingly, while C. carpio is
also considered as the host fish that co-introduced the anchorworm L. cyprinacea, to
date no C. carpio has been reported to be infected by this parasite.

Hypophthalmichthys molitrix and C. idella were considered unable to reproduce
outside of captivity because they need to migrate up large rivers to spawn in flowing
water to allow eggs to float downstream and hatch prior to larvae settling in
floodplains (Skelton and Weyl 2011). Grass Carp Ctenopharyngodon idella, intro-
duced from Malaysia in 1967, was stocked into ponds throughout South Africa for
the control of invasive aquatic plants. After its naturalisation and invasion of the
Vaal River system, this aggressive feeder on aquatic plants, has been demonstrated
to decrease the richness and abundance of native aquatic plants (Weyl and Martin
2016). Ctenopharyngodon idella was also responsible for the introduction and
spread of the tapeworm S. acheilognathi (Smit et al. 2017).

Similarly, H. molitrix imported in 1975 from Germany to the Marble Hall
experimental fish farm on the Olifants River, escaped, naturalised and spread into
the Limpopo River system (Liibcker et al. 2014; Ellender and Weyl 2014). As there
has been little ecological research directed at this species in South Africa (Liibcker et
al. 2016), their impact potential has yet to be determined. In North America however,
they have altered ecosystem structure and negatively affected commercial and
recreational fisheries and human safety (Kolar et al. 2007).

Tench Tinca tinca, a European fish species that can attain a weight of 5 kg was
introduced into the Western Cape in 1910 for angling but although widely stocked, it
currently only persists in the Breede River system in the Western Cape (Ellender and
Weyl 2014). Adults are omnivorous bottom feeders that grub through soft sediments
for insect larvae, worms, crustaceans and molluscs. There has not been any research
into the ecology of this species in South Africa which, as a result of dietary overlap,
has the potential to compete with native fishes and is likely to prey on native snails.
As its feeding behaviour is similar to that of common carp, it is also likely to
contribute to increased turbidity and nutrient cycling.

Cichlidae

Although several cichlid species have been introduced into the country, there is
currently only evidence for the establishment of the Blue Tilapia Oreochromis
aureus (Marr et al. 2018) and the Nile Tilapia Oreochromis niloticus (Ellender
and Weyl 2014).

Oreochromis niloticus is a medium-sized fish (max 4 kg) that, as a result of its
global importance in warm-water aquaculture, is one of the most introduced species
in the world (Ellender et al. 2014). It was widely spread in neighbouring Zimbabwe
and Mozambique for aquaculture in the 1980s, and its subsequent escape from
captivity and direct releases by anglers facilitated its invasion of the Inkomati and
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Limpopo River systems in South Africa. Impacts of invasions include decreased
abundance of native congeners resulting from habitat and trophic overlaps, compe-
tition for spawning sites, and hybridisation (Ellender et al. 2014). In South Africa,
hybridisation and potential loss of genetic integrity with native Mozambique tilapia
Oreochromis mossambicus are the main concerns regarding its invasions (Ellender
and Weyl 2014).

Oreochromis aureus was imported (as “Tilapia nilotica™) for experimental pur-
poses from Israel to the Jonkershoek Hatchery near Stellenbosch in 1959 and
released into farm dams in the Lourens and Eerste River catchments in 1961 and
1962 to evaluate its potential to survive the Western Cape winter (Marr et al. 2018).
Its persistence in the Eerste River catchment was recently confirmed using morpho-
logical and genetic identification methods (Marr et al. 2018). Impacts on native biota
are likely to be similar to those reported for O. niloticus, including hybridisation
with, and loss of genetic integrity by, native O. mossambicus (Marr et al. 2018). The
case of the O. aureus is interesting because it demonstrates the potential for the
persistence of other introduced fish species that are presumed to have failed. These
include the Red-bellied Tilapia Tilapia zilli, Threespot Tilapia Oreochromis
andersonii and Nembwe Serranochromis robustus (Ellender and Weyl 2014).

Percidae

European Perch Perca fluviatilis was introduced in 1915 from England for angling in
impoundments. Although this species favours slow flowing parts of rivers and still-
water habitats in lakes and dams and can tolerate brackish water environments,
naturalised populations are limited to a few small dams around the country (Ellender
and Weyl 2014). It is not considered as an invasive threat.

Poecilidae
The fish family Poecilidae includes Mosquitofish Gambusia affinis, Guppy Poecilia
reticulata, Southern Platyfish Xiphophorus maculatus and Green Swordtail
Xiphophorus helleri. Poecilids are small (<10 cm), live-bearing fishes that mature
within months of birth. Early maturity together with an ability for females to “store”
sperm and produce multiple broods in a season, results in rapidly growing popula-
tion sizes (Sloterdijk et al. 2015; Howell et al. 2013). This, coupled with aggressive
behaviour and generalist diet, has resulted in G. affinis and P. reticulata being
considered among the world’s worst invasive species (Lowe et al. 2000).
Gambusia affinis was introduced into South Africa in 1936 to control mosquitoes;
and was subsequently released into many watersheds for this purpose and as prey for
introduced gamefishes (de Moor and Bruton 1988). Current distribution includes
most of the southern drainages from the Great Fish River to the Berg River, as well
as parts of the Limpopo and Mvoti River systems. Gambusia affinis are omnivorous,
feeding on a variety of prey that includes small invertebrates, fish eggs and larvae,
including cannibalism, as well as on vegetative material and detritus. There has been
no research into the impacts of G. affinis on native biota in South Africa, but their
diet often overlaps with that of native fishes and there is potential for competition
with native fishes when resources are limited (Pyke 2008). Experimental work by
Cuthbert et al. (2018), however, also highlighted that G. affinis select non-mosquito
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crustacean prey over mosquitos, highlighting their potential for impact on a broad
range of invertebrate taxa.

Poecilia reticulata and X. helleri are popular aquarium fishes native to freshwater
and brackish water habitats in Central America. Poecilia reticulata was first intro-
duced to the Western Cape from Barbados in 1912 for mosquito control but failed to
establish as it is intolerant of temperatures below 15 °C (de Moor and Bruton 1988).
Subsequent imports by the pet trade of P. reticulata continue because they are
popular aquarium fishes. All naturalised populations in the wild occur warmer
coastal regions of the country and are likely to be a result of direct releases by
aquarists (Ellender and Weyl 2014). Impacts of established populations have not
been studied in South Africa, but evidence from around the globe has shown that
P. reticulata invasions deplete native fauna and alter ecosystems (El-Sabaawi et al.
2016).

Xiphophorus helleri and X. maculatus were likely introduced into the wild by
aquarists releasing unwanted fish, and naturalised populations are restricted to urban
environments in sub-tropical parts of KwaZulu-Natal (Ellender and Weyl 2014).
Impacts, although poorly explored, are likely to be similar to those observed for
G. affinis and P. reticulata.

Salmonidae

The family Salmonidae includes trouts and salmons, which are popular table and
sport fishes. As popular angling species, they are among the earliest intentionally
introduced fishes in the country. Atlantic Salmon Salmo salar, Brown Trout Salmo
trutta, Brook Trout Salvelinus fontinalis and Rainbow Trout Oncorhynchus mykiss
were introduced into the country in the late 1800s, and were released into the wild to
develop angling opportunities for species familiar to European settlers (Ellender and
Weyl 2014). Salmo salar and S. fontinalis failed to establish in the wild, but S. trutta
and O. mykiss naturalised and are popular with recreational anglers (Weyl et al.
2017a, b).

Onchorhynchus mykiss, characterised by an iridescent pinkish lateral band, is
native to North America but was introduced to South Africa for sport fishing in 1897.
This species was subsequently released in many localities to sustain recreational
angling (Ellender et al. 2014). In impoundments these fish can attain weights of 6 kg
but fishes from naturalised populations in rivers seldom attain weights greater than
1 kg (Skelton and Weyl 2011). Naturalised populations are limited to cool, clear
mountain streams, where their downstream spread is mediated by temperature
(Shelton et al. 2018).

Salmo trutta is distinguished from O. mykiss by its brown colour and the presence
of large reddish brown spots on its flanks. Salmo trutta were imported into
South Africa from their native range in Europe in 1890. As is the case with
O. mykiss, S. trutta were released into streams in mountainous regions. Salmo trutta
has established in some mountain streams where maximum temperatures seldom
exceed 17 °C and, because of their lower tolerance to high temperature, they are not
as widespread as O. mykiss (Weyl et al. 2017a, b).

Oncorhynchus mykiss and S. trutta are generalist predators that through dietary
interactions can impact on recipient ecosystems at numerous trophic levels (Weyl
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etal. 2017a, b). In South Africa, the two species have been linked to the decline, and
in some cases local extinction, of native invertebrates, frogs and fishes (Karssing
et al. 2012; Rivers-Moore et al. 2013; Shelton et al. 2015a; Jackson et al. 2016;
Avidon et al. 2018). Shelton et al. (2015a) for example, demonstrated that the mean
densities and biomass of the native Breede River Redfin Pseudobarbus burchelli,
Cape Kurper Sandelia capensis and Cape Galaxias Galaxias zebratus, were 5—40
times higher in streams where O. mykiss were absent. Based on comparisons of
insect communities, Shelton et al. (2015b) also demonstrated that, in the Breede
River, O. mykiss do not functionally compensate for the native fishes that it has
replaced, being weaker regulators of herbivorous invertebrates than native fishes. As
a result, algal biomass is significantly higher at sites containing trout than at sites
without (Shelton et al. 2015b). On a broader scale, Jackson et al. (2016) working on
S. trutta invaded streams in the Drakensberg and Amathole mountains, demonstrated
that emerging aquatic insects were less important in the diet of populations of
terrestrial spiders alongside streams that were invaded by S. trufta than in those
that were not. As emerging aquatic insects are an important source of energy and
nutrient transfer from aquatic to terrestrial environments, the loss of this trophic
subsidy is likely to have further reaching consequences than the reduced spider
abundance reported by Jackson et al. (2016).

Siluridae

There is evidence for the introduction of two catfish species, the Highfin Pangasius
(Pangasius sanitwongsei) and the Vermiculated Sailfin Pterygoplichthys
disjunctivus. The occurrence of the P. sanitwongsei in the Breede River is consid-
ered incidental, based on the lack of evidence for reproduction (Mikinen et al. 2013).
Pterygoplichthys disjunctivus, an armoured catfish native to the Amazon River in
Bolivia and Brazil is an important species in the pet trade that has colonised the
Mthlatuze and Nseleni Rivers in KwaZulu-Natal after escaping from captivity (Jones
etal. 2013). Its impacts are yet to be evaluated in South Africa, but elsewhere include
siltation and shoreline instability resulting from the burrows constructed by breeding
males into which females lay eggs; and potential displacement of native fishes (Jones
et al. 2013; Hill et al. 2015).

6.3 Conclusion

South Africa’s geographic position and diverse landscape provides opportunities for
establishment of both temperate and tropical freshwater species. This is illustrated in
Fig. 6.7, which shows the extent of suitable habitat for S. trutta, a typical cold-water
fish, a warm-water tilapia O. niloticus, and M. salmoides, which has a wide temper-
ature tolerance (Fig. 6.7). Consequently, few introductions have failed and most of
the freshwater biota that have naturalised have also become invasive (Table 6.1).
While many taxa are considered to have the potential for high impacts (e.g. Nunes
et al. 2017; Marr et al. 2017), evidence for actual impacts in South Africa is scant
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Fig. 6.7 Results of niche
models fitted to the
distributions of Brown Trout
Salmo trutta which require
cold (<9 °C) winter
temperatures for spawning
and do not establish in rivers
where temperatures exceed
22 °C for more than a few
days, Nile Tilapia
Oreochromis niloticus
which is a warm-water
species that is intolerant of
temperatures cooler than
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(Ellender and Weyl 2014). This is problematic, as reported impacts cover all aspects
of biological organisation from loss of genetic diversity resulting from hybridisation
to native species extirpations resulting from direct predation by alien predatory
fishes (Ellender and Weyl 2014). Preventing new invasions and containing existing
ones is therefore important.

An examination of the current invasion status of freshwater biota and an analysis
of the pathways associated with them (Fig. 6.8) provides some important insights
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Fig. 6.8 (a) Number of naturalised aquatic biota in South African freshwaters by decade, and (b)
the pathway associated with their introduction into the country. Decade refers to the date that a
taxon was shown to be present in the country
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into the future of freshwater invasions in the country. As management of invasive
alien species is a legislated priority in South Africa, the likelihood of the importation
of alien freshwater biota, such as fishes, for intentional release is limited. Indeed
the number of naturalised fishes has been stable for several decades (Fig. 6.8).
It is also likely that the trend in discovery of new alien invertebrate taxa will
continue. This will be either the result of new invasions by contaminants or
stowaways in the international trade or, as was the case with the crayfish
P. clarkii, the result of discovery with increasing research effort. This is also
true for alien molluscs, most of which have been identified in KwaZulu-Natal
due to the greater search effort by the freshwater mollusc specialist Christopher
Appleton, who is based in this region.

Knowledge requirements for the management of invasive alien biota in freshwa-
ter environments include data on their taxonomic diversity, distribution and impact.
In South Africa, such knowledge is often limited to isolated case studies that lack the
geographic coverage required for effective decision-making. As a result, greater
investment in research securing contemporary data on all aspects of the invasion
process is an urgent requirement.
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Chapter 7 ®)
Alien Terrestrial Invertebrates hack or
in South Africa

Charlene Janion-Scheepers (» and Charles L. Griffiths

Abstract At the time of writing, 466 alien terrestrial invertebrate species have been
reported as being established in South Africa. The most diverse groups within this
fauna are the insects (330 species; 70.8%), followed by the arachnids (41; 8.8%),
annelids (38; 8.2%) and molluscs (33; 7.1%), together accounting for 95.3% of the
total. Within the insects, the Hemiptera are the most species-rich group, followed by
the Coleoptera. Most of the invasive arachnid species are mites (24 species), many of
which are important agricultural pests. The high number of invasive earthworm taxa
(38 species) is of concern, given the impacts that alien earthworms have elsewhere
in the world. The majority of alien invertebrates were accidentally introduced as
contaminants or stowaways, and although exact dates of arrival of most of these
remain unknown, many were present over 100 years ago. Also included in the fauna
are 95 species of biological control agents that were almost all deliberately intro-
duced and have contributed significantly to the control of 34 invasive plant species
(as well as to the control of a few invasive invertebrates). Of the plant species
that have been subjected to biological control, 14 are now considered to be under
complete control. Most biological control agents are recent introductions and their
rates of release are increasing. The most severe economic impacts of accidentally
introduced species are as pest species on crops and these can cause considerable
losses. These species mostly establish in agricultural habitats dominated by alien
plants, or in disturbed and urbanised areas, although some have established in native
vegetation. The cryptic nature of many alien invertebrates makes early detection
difficult and many probably remained unreported, perhaps decades after their arrival.
Regional taxonomic expertise is lacking for many invertebrate groups, so that even
native taxa are poorly described. The wider ecological impacts of most alien
terrestrial invertebrates remain very poorly known.
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7.1 Introduction

In the global invasion literature published between 1980 and 2006, plants were the
subject of 44% of studies and vertebrates 15%, while invertebrates were the subject
of 36% of publications, despite their considerably greater diversity in terms of both
native and introduced species. Moreover, the vast majority of all studies analysed are
from North America, Europe and Australia, while Asia, and particularly Africa, were
greatly underrepresented in the literature (PySek et al. 2008). Most earlier work on
invertebrate invaders focused on agricultural pests, but even these studies were
undertaken later than corresponding studies for plants (PySek et al. 2008; Kenis
et al. 2009; Sutherst 2014).

Until recently, alien terrestrial invertebrates in South Africa received little
research attention compared to either alien vertebrates or plants. However, mono-
graphic assessments of alien species within several of the better-known invertebrate
groups have now been published, notably those for earthworms (Plisko 2010),
molluscs (Herbert 2010), and especially for pests of cultivated crops (Annecke and
Moran 1982; Visser 2009; Prinsloo and Uys 2015). Two recent publications have
also attempted to compile listings of all known alien and invasive animals reported
from South Africa (Picker and Griffiths 2011, 2017), while listings for all alien taxa,
derived from these and other sources, have also been compiled (van Wilgen and
Wilson 2018; van Wilgen et al. 2020, Chap. 1, Sect. 1.1). It is important to note that
discrepancies between the numbers of species listed in these various sources are
inevitable. This is not only because new introductions are constantly arriving or
being reported, but also because of differing definitions of the term ‘alien species’; of
the geographical area of coverage and, in the case of this review, the definition of
‘terrestrial’.

This chapter includes only species of terrestrial invertebrates that have been
introduced to mainland South Africa and have established self-sustaining
populations outside of captivity or cultivation. Our list therefore has considerably
fewer species than reported in the recent national status report on biological inva-
sions in South Africa (van Wilgen and Wilson 2018). This is because the status
report lists many species that are not naturalised (status B1-C2 in their Table 4.3),
and hence did not fit our criteria for inclusion. It also included some species
which are invasive on the offshore Prince Edward Islands, but not to mainland
South Africa. The data set used here is thus that of Picker and Griffiths (2011),
updated to include those species recorded subsequent to that review. We define
terrestrial invertebrates as including all those that have at least one life stage
completed on land. The taxa considered thus include Collembola (springtails),
Insecta (insects), Myriapoda (millipedes and centipedes), Arachnida (spiders, ticks
and mites), Crustacea (woodlice and landhoppers), Nematoda (nematode worms),
Oligochaeta (earthworms), Gastropoda (slugs and snails) and Plathyhelminthes
(flatworms).



7 Alien Terrestrial Invertebrates in South Africa 187

7.2 Composition of the Known Alien Terrestrial
Invertebrate Fauna

The current composition of the established alien terrestrial invertebrate fauna,
including 35 species that have been added since 2011 and that are highlighted in
Table 7.1, is estimated to comprise 466 species. All but three of the species added
since 2011 are insects, and 16 of these are deliberately released as biological control
agents on insects. Unsurprisingly, given the overall diversity of this group, by far the
largest component of the fauna comprises insects (330 species or 70.8%), followed
by arachnids (41 or 8.8%), then annelids (38 or 8.2%) and molluscs (33 or 7.1%).
These four major groups thus together make up 94.9% of all established alien
terrestrial invertebrates. The number of biological control agents totals 95 species.
Biological control is discussed in more detail by Hill et al. (2020, Chap. 19; see also
Hajek et al. 2016; Kumschick et al. 2016), thus only a brief synoptic account is
included here (Fig. 7.1).

Table 7.1 Updated count of alien terrestrial vertebrates known in 2018, showing current number of
species per group, the increase in number since 2011 and the number of biological control agents in
each group

Species added Number of biological
Group name Number of species since 2011 control species
Collembola 13 0 0
Zygentoma 3 0 0
Blattodea 5 0 0
Dermaptera 5 1 0
Phasmatodea 1 0 0
Embioptera 1 0 0
Psocoptera 1 0 0
Hemiptera 104 8 16
Thysanoptera 5 2 1
Phthiraptera 13 0 0
Coleoptera 87 6 45
Lepidoptera 25 3 8
Diptera 32 4 9
Siphonaptera 5 0 0
Hymenoptera 30 7 15
Myriapoda 9 0 0
Arachnida 41 2 1
Crustacea 8 1 0
Nematoda 5 0 0
Annelida 38 0 0
Mollusca 33 1 0
Platyhelminthes 2 0 0
Total 466 35 95

Note: Aquatic species listed by Picker and Griffiths (2011, 2017) are excluded
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Fig. 7.1 The total number of alien terrestrial invertebrate species per taxa in South Africa, with the
number of biological control agents per taxa shown in black

Within the insects, the Hemiptera are the most species-rich group of alien
terrestrial invertebrates, followed by the Coleoptera. The hemipterans are mostly
from the suborder Sterrnorrhyncha (aphids and scale insects), which have piercing,
sucking mouthparts, and thus often have severe economic impacts as plant
pests. Half of all the alien Coleoptera in South Africa are biological control
agents (45 species), most of these being from the families Chrysomelidae and
Curculionidae. These groups are widely used as biological control agents of invasive
alien plants, as many species are monophagous (specialised to eat only one plant



7 Alien Terrestrial Invertebrates in South Africa 189

species). Most of the invasive arachnids are mites (24 species), many of which are
important agricultural pests, followed by spiders (16 species), which instead occur in
and around human dwellings (Picker and Griffiths 2011). Amongst the terrestrial
molluscs, invasive species from 10 families are present in South Africa (Herbert
2010), while the family Pyralidae (snout moths), which includes many economically
important pests, are dominant amongst the terrestrial Lepidoptera (8 out of
25 species).

The high number of invasive earthworm taxa (38 species) is of concern, given the
negative impacts of invasive earthworms on native communities elsewhere (Hendrix
et al. 2008; Ferlian et al. 2018). Alien earthworms are commonly used as bait for
fishing and in the vermicomposting trade, and this facilitates their translocation to
new sites. Although based on a limited number of samples, invasive earthworms
have already been shown to be widely distributed across most of South Africa
(Fig. 7.2). To date, however, no regional study has investigated the direct impact
of invasive earthworms on native plant or animal communities, although some
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Fig. 7.2 Distribution map of alien earthworms in South Africa (map produced by R. Leihy using
data from Janion-Scheepers et al. 2016)
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invasive species have been found in native forest ecosystems (Uys et al. 2010;
Nxele 2012).

The total of 466 established alien terrestrial invertebrates recorded in
South Africa is certainly an underestimate of the number already present. There
are two primary reasons for this. Firstly, established alien species, some of which
may have been present in the region for decades, are regularly being discovered,
and more already-existing invasions will surely continue to be uncovered into the
future. One notable example is the six recently-recorded Australian insects found
associated with Eucalyptus trees by Bush et al. (2016). Many such suitable habitats
(e.g. the numerous species of non-commercial, ornamental plants in urban gardens)
still remain poorly explored, and are likely sites where existing alien terrestrial
invertebrates remain undetected. Secondly, there are many groups for which regional
taxonomic expertise is poor or entirely lacking, and these probably include many
more alien or invasive species than are currently recognised, highlighting the need
for improved foundational taxonomic knowledge in South Africa. This is especially
the case for many groups of soil fauna, which are inconspicuous and understudied
(Janion-Scheepers et al. 2016), but which can easily be introduced and distributed
accidentally through eggs in soil and are thus almost certainly under-reported in the
current lists.

7.3 Dates, Rates and Routes of Introduction

Although the dates of introduction of most regional alien terrestrial invertebrates
remain unknown, many are known to have been introduced more than 100 years
ago (Picker and Griffiths 2011). Some of the earliest reported invasive invertebrates
in South Africa were two species of flea, first recorded during the 1700s (the
Human Flea Pulex irritans and the Chigoe Flea Tunga penetrans; Picker and
Griffiths 2011). Other early invasive invertebrates recorded include the European
Garden Snail (Cornu aspersum), first detected in 1855, the Sand Earwig (Labidura
riparia) in 1863; the Australian Bug (Icerya purchasi) in 1873 and the Codling
Moth (Cydia pomonella) in 1892. Subsequently, increased trade and importation of
plants caused a progressive increase in the number of alien terrestrial invertebrates
introduced into South Africa (Picker and Griffiths 2017). This has been particularly
driven by the proliferation and broadening of international trade since the early
twentieth century (Faulkner et al. 2020, Chap. 12, Sect. 12.2.2) and more recently
by increasing rates of deliberate introduction of agents for the biological control
of plant and animal pest species (Annecke and Moran 1982; Hill et al. 2020,
Chap. 19).



7 Alien Terrestrial Invertebrates in South Africa 191

The routes of introduction of alien species are discussed in more detail elsewhere
in this volume (Faulkner et al. 2020, Chap. 12), but in contrast to many vertebrate or
plant introductions, the majority of invertebrates introductions appear to have been
accidental, as contaminants or stowaways (Faulkner et al. 2016), although 92 species
are known to have been deliberately introduced as biological control agents. How-
ever, the exact pathways of introduction for less than 50% of invertebrates are
properly known (Faulkner et al. 2015). This is partly due to their small size, which
has resulted in many species having been imported undetected along with commer-
cial goods, but is also because the identification of some introduced taxa remains
problematic. This is especially concerning for phytophagous species, which may
cause considerable damage to crops, resulting in economic losses and threats to food
security (Giliomee 2011).

Both dates and routes of introduction are linked to geographical patterns of
importation and trade, and how these have changed over time. For example, seed
insects are usually introduced along with seeds and herbivorous invertebrates with
plants, both of which may be introduced either as crops, or as food. In early colonial
days, these products were mostly imported from Europe, whereas in more recent
times other major trade routes have opened up, notably those to Asia, which has
now become the source of some 25% of all terrestrial invasions (Picker and
Griffiths 2017).

Changes in technology may also have impacts, for example, air freight of fresh
produce may now allow the importation of short-lived, delicate species that would
not have survived earlier, longer-duration passages by sea. Another example of
changing vector patterns is an increase in the use of wooden crates in general
trade, which has resulted in an increase in the number of woodborer beetles
introduced into the USA (Herms and McCullough 2014).

7.4 Biological Control Agents

Twenty percent of the terrestrial invertebrates listed here (Table 7.1) were deliber-
ately introduced biological control agents. These are highly selective natural enemies
(herbivores, predators, parasites or pathogens) used to control populations of inva-
sive species, usually plants, but also some insect pests. Over the past century, the use
of such biological control agents has become widespread and now takes place in
about 130 countries, with over 550 biological control agents released globally
(Zachariades et al. 2017). The use of biological control agents has many advantages
over traditional manual or chemical control techniques, primarily economic ones, in
that they are relatively cheap to apply and then usually self-sustaining, so that their
benefits continue to accrue indefinitely. There are some costs involved, however, in
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the initial safe introduction of biological control agents, as candidate species have to
be rigorously tested to assess the risk of them having any adverse impacts on native
flora and fauna.

South Africa first utilised this technique over a century ago, when Dactylopius
ceylonicus (Cochineal Insect) was released in 1913 to control Opuntia monacantha
(Drooping Prickly Pear), which was then highly invasive along the coast between
the Western Cape and Durban (Moran et al. 2013). Despite the lack of precaution-
ary testing, this introduction was a resounding success and resulted in rapid
and permanent control of the host. Since that time, South Africa has become a
global leader on the field of biological control and is now considered one of the
top five countries in the world with regards to research in this field (Zachariades
et al. 2017).

In the early years, the target plants were mostly invasive Cactaceae and the
biological control agents introduced were ones whose effectiveness had already
been proven in other countries. Later projects have targeted new hosts, for which
the experimental testing had to be conducted in South Africa, and by 2018 a total of
93 species of insect, mites or plant pathogens had been released against 59 host
plants species, with 25 additional plant species under investigation (Zachariades
et al. 2017).

A few invasive invertebrates have also been targeted for biological control,
the most common control agents in these cases being wasp parasitoids. For
example, Megalyra fasciipennis is a pupal parasitoid that has been introduced
to control invasive Eucalyptus Longhorn Borer Beetles (Phorocantha species)
(Gess 1964), while Cotesia plutella is a parasitoid introduced to control Plutella
xylostella (Diamondback Moth), a major pest of cabbages and other plant species
in the family Brassicaceae (Nofemela and Kfir 2005). The solitary regional
example of a nematode biological control agent, Beddingia siricidicola, was
also introduced from Europe to control Sirex noctilio (Sirex Woodwasp) (Hurley
et al. 2007).

Biological control agents that control invasive invertebrates have sometimes
arrived accidentally. Thus, Psyllaephagus bliteus (a eucalypt gall wasp parasitiod),
which is a classical biological control agent in many countries for the control of the
Redgum Lerp Psyllid, Glycaspis brimblecombei, seems to have arrived in
South Africa (and indeed other regions globally) without intervention, presumably
as larvae within imported host populations (Bush et al. 2016). Conversely, the
populations of some invasive invertebrates can also sometimes be brought under
control by host-switching in native predators and/or parasitoids. For example,
populations of the invasive Pieris brassicae (Large Cabbage White Butterfly),
fluctuate dramatically between years and appear to be effectively controlled by an
unidentified, but probably native, braconid wasp (Apantles species), which attacks
the caterpillars, as well as by a native pteromalid wasp, Pteromalus puparum, which
attacks the pupae (Picker and Griffiths 2011; Prinsloo and Uys 2015). Similarly,
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Nofemela and Kfir (2005) report eight species of native parasitic Hymenoptera
attacking various life history stages of the invasive Plutella xylostella (Diamondback
Moth), with parasitism rates reaching 100% in some samples (see Le Roux et al.
2020, Chap. 14, Sect. 14.2.4).

South African biological control programmes have contributed significantly
to the control of 34 invasive plant species, 14 of which are considered to be
under complete control (Klein 2011), with the most prominent successes being
against Australian Acacia species (Box 7.1), cacti and several floating aquatic
plants.

Recent assessments of the economic benefits derived from the biological control
of invasive alien plants indicate that existing programmes have already reduced
management costs by ZAR 1.38 billion, and have the potential to double these
savings (Zachariades et al. 2017). The introduction of invertebrate biological control
agents has thus already contributed substantially to the management of invasive alien
plants and animals and further investment in the development of new agents can only
increase this contribution in the future.

Box 7.1 The Varroa Mite: A Destructive Parasite of Honey Bee
Colonies

The Varroa Mite (Varroa destructor) is an external parasite, and is one of the
world’s most devastating pests of honeybees. Female mites enter bee brood
cells and lay their eggs on developing larvae. Young mites hatch at about the
same time as the bees and leave the cells with the host, spreading to other bees
and larvae. Adult mites suck the haemolymph of honeybees, leaving wounds
and transmitting viral diseases. Infected colonies typically collapse after
1-2 years.

Varroa mites originated in Asia, but are now almost cosmopolitan in
distribution, reaching all continents except Australasia, and have had dramatic
impacts on the apiculture industry, resulting in billions of dollars in economic
loss globally (Cook et al. 2007). Their introduction to South Africa was
relatively recent, the first reports being from the Western Cape in 1997.
Subsequent spread has, however, been rapid, probably aided by movement
of colonies by commercial beekeepers. The mite now occurs throughout the
region and in both wild and commercial bee colonies, although it is thought to
have less impact on African races of Apis mellifera (Honey Bee) than on
European races, and has less impact in more tropical regions, such as in the
northern parts of South Africa, than in temperate ones, such as in the Cape
(Allsopp 2004). Synthetic varroacides are used to treat infected commercial
colonies (figure below).

(continued)
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Box 7.1 (continued)

The Varroa Mite (Varroa destructor) on Apis mellifera (Honey Bee) larva (Photograph
courtesy of CSIRO)

7.5 Impact of Invasive Invertebrates

The most severe and obvious impact of alien terrestrial invertebrates are as direct
pest species on crops, domestic animals and stored products, and this may result in
severe economic losses across a wide range of products (Prinsloo and Uys 2015).
Some of the most devastating of the many invasive pests that attack crop plants are
Aonidiella aurantii (Red Scale), Cydia pomonella (Codling Moth) and Phthorimaea
operculella (Potato Tuber Moth). Economically important pests of domesticated
animals include cattle ticks and Varroa destructor (Varroa Mite), which is an
important pest of honeybees (Box 7.2); while those that attack stored goods include
a variety of grain borer beetles and of meal and grain moths. The control of some
alien invertebrate species is discussed in more detail elsewhere in this volume
(Davies et al. 2020, Chap. 22). Of more concern is the prediction that crop losses
due to insect pests are expected to increase globally with climate change, and that
this may severely threaten food security (Bebber et al. 2013).

Box 7.2 Acacia Gall Wasps: Successful Biological Control Agents

The Acacia Gall Wasp, Trichilogaster acaciaelongifoliae, was deliberately
introduced to South Africa from its native Australia in the 1990s to control the
spread of Australian Long-leaved Wattle, Acacia longifolia (Dennill et al.
1999), a species once widely planted for dune reclamation, an activity now

(continued)
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Box 7.2 (continued)

considered ecologically undesirable (Lubke 1985). Adult wasps live only a
few days and lay their eggs in the developing flower buds of host trees. The
larvae provoke a galling response and live and feed inside the developing
galls. After pupation, the adults chew their way out of the gall, mate and then
disperse in search of more young flower buds. Gall formation greatly sup-
presses seed set and hence reproductive success of host plants. Importantly,
this is achieved without killing the parent trees, which can be valued for their
shade and as sources of firewood or fodder. A second gall wasp species,
T. signiventris, has subsequently also been introduced to control the Golden
Wattle Acacia pycnantha, and has greatly reduced the reproductive capacity of
host trees throughout their range (figure below).

The Acacia Gall Wasp (Trichilogaster acaciaelongifoliae) and its gall (Photograph courtesy
of Charles Griffiths)

Most alien terrestrial invertebrate species establish in agricultural habitats dom-
inated by alien plants, or in disturbed and urbanised areas, especially in human
habitations, although a proportion have managed to establish in native vegetation
(also see Boxes 7.1-7.5). These species usually have non-specialist diets. For
example, alien earthworms have been found in pristine forests in KwaZulu-Natal
(Nxele 2012). Some examples of the detrimental effects of alien earthworms else-
where include decreases in abundance and diversity of other soil invertebrates,
which could subsequently affect ecosystem services provided by these organisms
(Ferlian et al. 2018). Similar patterns may also be expected following the introduc-
tion of other invasive soil fauna, such as gastropods (Herbert 2010), which can be
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pests in the agricultural sector, but can also prey on other invertebrates. Generally,
the functional impact of invasive soil biota on native communities and ecosystem
function have not been well investigated in South Africa (Janion-Scheepers et al.
2016).

Box 7.3 The White Garden Snail: A Keystone Species in Coastal
Fynbos?

Theba pisana (White Garden Snail) is native to the Mediterranean region, and
was accidentally introduced to the Cape before 1881, probably along with
timber or other imported products. It has now spread throughout the western
and southern coastal regions of South Africa, where it can occur at peak
densities of hundreds per square metre, often climbing upwards in dry weather
to congregate in vast numbers on shrubs, or on fence and telephone poles.
Although there are some data on distribution, density and diurnal activity
patterns, little is known about its ecological impacts in South Africa. It can
be a significant garden and agricultural pest, but its ecological effects in natural
vegetation are unknown (Odendaal et al. 2008). It seems very likely that it
significantly affects plant community structure though its selective grazing
activities, as well as by influencing the food available to other competing
grazers. Dune snails are also the most abundant animal prey in densely-
infected areas, and thus likely form a key component of the diets of various
vertebrate predators. Their impacts thus likely extend both up and down the
food-chain, suggesting that they may be keystone species in heavily-infested
coastal fynbos habitats (figure below).

White Garden Snail (Theba pisana) in the West Coast National Park (Photograph courtesy of
Charles Griffiths)
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Box 7.4 The Harlequin Lady Beetle: A Problematic Predator

Harlequin Lady Beetles, Harmonia axyridis, originate from Central and East
Asia and were deliberately introduced to Europe and the Americas to control
aphids (Roy et al. 2016). The South African introduction appears to have been
accidental, the first records being from the Western Cape in 2001 (Stals 2010).
The species has subsequently spread to all provinces of the country (Stals
2010; Stals and Prinsloo 2007), most likely due to their broad habitat breadth
and thermal tolerance range (Roy et al. 2016). The yellowish eggs are laid in
small clusters under leaves and the spiky black and orange larvae and adults
are voracious generalist predators, feeding on a wide variety of soft-bodied
arthropods, including many beneficial species, such as the eggs, larvae and
pupae of native lady beetles (Roy et al. 2016). Adults also feed on soft-fleshed
fruit and may taint grapes harvested for wine making (Achiano et al. 2017).
When agitated, adults release a foul-smelling haemolymph that can stain
clothing and cause an allergic reaction (Goetz 2008; Koch and Galvan
2008). Due to its threats to biodiversity and impacts on the fruit and wine
industry, this species is now recognised as a serious pest, and is placed in
Category 1b under South Africa’s Invasive and Alien Species Regulations (see
Box 1.1 van Wilgen et al. 2020, Chap. 1). Natural enemies, such as the wasp
Dinocampus coccinellae and the fungus Hesperomyces virescens (that are
present on South African H. axyridis), can perhaps be used as biological
control agents, but their impact on native species needs to be tested (Minnaar
et al. 2014; Haelewaters et al. 2016, 2017) (figure below).

The Harlequin Lady Beetle Harmonia axyridis (Photograph courtesy of Charles Griffiths)
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Box 7.5 The European Wasp: A Currently Contained Ecological
Threat

The yellow and black patterned European or German Wasp (Vespula
germanica) is native to Eurasia and North Africa, but has been accidentally
introduced to North and South America, Australia, New Zealand and
South Africa, where it was first observed on the Cape Peninsula in 1975
(Davies et al. 2020, Chap. 22). Colonial nests, which are constructed mostly
below ground, are made from chewed plant fibres and may contain thousands
of individuals. Adults are opportunistic predators and scavengers and feed on a
wide variety of live arthropods, as well as on fruit and sugary substances. They
have a variety of impacts, including competition with, and predation on, other
beneficial insects (including Honey Bees), and they impact negatively on the
wine and fruit industries. They may also be the carriers of Honey Bee viruses,
but these have not yet been detected in South African populations (Brenton-
Rule et al. 2018). They are also pests to picnickers, as they sting readily when
disturbed. Although they are strong fliers and have the potential to spread
widely, especially along the climatically suitable southern and eastern coastal
regions of South Africa, as well as the northeastern interior, the expansion
in South Africa has been very slow and the population remains restricted
to the Western Cape (Tribe and Richardson 1994; van Zyl et al. 2018)
(figure below).
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The European Wasp Vespula germanica (Photo: Charles Griffiths)
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Box 7.6 The Argentine Ant: Disrupting Natural and Agricultural
Ecosystems

The Argentine Ant (Linepithema humile) is an aggressive invasive ant that was
introduced to South Africa from South America in about 1898. In natural
fynbos habitats, native ants play an important role in the dispersal and burying
of seeds for germination (Slingsby and Bond 1984; Christian 2001), but as
Argentine ants often displace native ants, and are not effective seed dispersers,
invasion of natural habitats by this species can have detrimental effects on
fynbos diversity and ultimately ecosystem function (Bond and Slingsby 1984;
Rodriguez-Cabal et al. 2009). In agricultural habitats, Argentine ants also form
mutualistic associations with harmful plant pests, such as mealybugs, aphids
and scale insect, and protect them from their predators and parasites, resulting
in heavier pest infestations and crop losses (figure below).

Argentine Ant Linepithema humile (Photograph courtesy of Charles Griffiths)

In most cases, the impacts of alien terrestrial invertebrates have only been inves-
tigated in respect of their immediate hosts, and their wider impacts on the structure
and functioning of the ecosystems within which they have established, remain very
poorly known. For example, introduced biological control agents on introduced
Australian acacias, such as the parasitoids Trichilogaster acaciaelongifoliae, can
create novel food webs in its introduced range, compared to its native range
(Box 7.2, Veldtman et al. 2011). Such wider, and sometimes indirect, impacts can,
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however, take many forms and may ultimately be recognised as being the most
significant impacts of many alien terrestrial invertebrates. Here we illustrate the
diversity and complexity of ecosystem effects that can occur by profiling six impor-
tant regional alien terrestrial invertebrates: the Varroa Mite (Box 7.1), the Acacia Gall
Wasp (Box 7.2), the White Garden Snail (Box 7.3), the Harlequin Lady Beetle (Box
7.4), the European Wasp (Box 7.5) and the Argentine Ant (Box 7.6).

7.6 Risk Assessment

Several traits associated with alien terrestrial invertebrates can be used to make
informative decisions or risk assessments regarding preventing, detecting, control-
ling or managing invertebrate introductions (Kumschick et al. 2016). Important
features include life-history traits, such as those related to reproduction
(e.g. sexual or parthenogenetic, number of eggs produced), overwintering strategy,
dispersal, and thermal tolerance. Several physiological studies using Collembola
(springtails) as model organisms have indicated that invasive species are generally
more tolerant of warmer, drier conditions than native species (Chown et al. 2007;
Slabber et al. 2007; Janion et al. 2010; Janion-Scheepers et al. 2018). Research on
the importance of physiological traits on the invasiveness of invertebrates include
studies on the phenotypic plasticity and local adaptation of Drosophila (Gibert et al.
2016) and Ceratitis flies (Nyamukondiwa et al. 2013; Weldon et al. 2018). Under-
standing these traits may shed some light on how to better manage or prevent the
introduction of invasive species (Karsten et al. 2016), especially pest species, which
are predicted to change in distribution with climate change (Bebber et al. 2013; Pecl
et al. 2017). In the case of the dominant South African invasive invertebrate groups,
such as the Hemiptera and Coleoptera, some of these traits may also be important,
but data on ‘invasiveness’ traits in these groups are lacking.

7.7 Conclusion and Research Gaps

The ecological impacts of most alien terrestrial invertebrates in South Africa are
poorly known, even for those within taxonomically well-known groups. Indeed, a
recent survey of all soil biota suggested that for most groups of soil invertebrates in
South Africa, the impact of introduced species on the local biota and ecosystem
functioning remain unknown (Janion-Scheepers et al. 2016). The negative effects of
invasive earthworms on ecosystems elsewhere are clear (Hendrix et al. 2008; Ferlian
et al. 2018), and their impact on soil biodiversity and health need to be better
understood in South Africa. This group is taxonomically well known, and a useful
key exists to distinguish between South African and introduced earthworm species
(Plisko and Nxele 2015).
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The rate of introduction of alien terrestrial invertebrates is clearly increasing over
time (Giliomee 2011), as is also the case in both Europe and the USA (McCullough
et al. 2006). The cryptic nature of many of these invertebrates makes early detection
very difficult. In addition, the identification of terrestrial alien terrestrial invertebrates
is often problematic in South Africa, where local taxonomic expertise is lacking for
many groups, meaning that even native species cannot be reliably identified. The
training of taxonomists is a key priority to facilitate the detection of newly intro-
duced species and to aid in their eradication and control (Convention on Biological
Diversity 2014). In some cases, even if a trained taxonomist is available locally, or
can be consulted abroad, the available specimens are often in immature forms, eggs
or damaged (Briski et al. 2011). In these cases, the identification of the species can
only be confirmed through molecular approaches, such as DNA barcoding (www.
boldsystems.org), which has been successfully used globally as an early detection
and management tool for invasive species (Armstrong and Ball 2005; Bergstrom
et al. 2018). Lastly, ongoing survey work should be continued to increase detection
of new invasive species, to better document their distribution patterns and spread and
especially to investigate their impacts, not only directly on their host species, but
throughout the wider biological communities within which they live.
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Chapter 8 )
Biological Invasions in South Africa’s s
Offshore Sub-Antarctic Territories

Michelle Greve @, Charles Eric Otto von der Meden (),
and Charlene Janion-Scheepers

Abstract The sub-Antarctic Prince Edward Islands (PEIs) constitute South Africa’s
most remote territory. Despite this, they have not been spared from biological
invasions. Here, we review what is known about invasions to the PEIs for terrestrial
taxa (vertebrates, invertebrates, plants and microbes), freshwater taxa and marine
taxa. Currently, Marion Island is home to 46 alien species, of which 29 are known to
be invasive (i.e. they are alien species that have established and spread on the island).
Prince Edward Island, which has no permanent human settlement and is visited only
infrequently, has significantly fewer alien species: only eight alien species are known
from Prince Edward Island, of which seven are known to be invasive. The House
Mouse (Mus musculus), which occurs on Marion Island, can be considered the most
detrimental invader to the islands; it impacts on plants, insects and seabirds, which
result in changes to ecosystem functioning. The impacts of other terrestrial invaders
are less well understood. At present, no invasive freshwater or marine taxa are
known from the PEIs. We conclude by discussing how invasion threats to the
PEIs are changing and how the amelioration of the climate of the islands may
increase invasion threats to both terrestrial and marine habitats.

8.1 Introduction

South Africa’s southernmost territory, the Prince Edward Islands (PEIs), consists of
two islands: the larger Marion (~270 km?), and the smaller Prince Edward (~45 km?)
Islands (Fig. 8.1a). The islands lie approximately 2000 km south-east of Cape Town,
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Fig. 8.1 (a) A view towards the interior of Marion Island. (b) A house mouse attacking a
wandering albatross chick. Mouse-induced mortality amongst albatross chicks is high. (¢) The
invasive collembolan Ceratophysella denticulata. (d) A nutrient-enriched coastal site dominated by
the invasive grass Poa annua. Additionally, a native Azorella selago cushion is being outcompeted
by the invader Sagina procumbens (centre). Photographs: (a) M. Greve; (b) S. & J. Schoombie; (c)
C. Janion-Scheepers; (d) M. Louw

in the cold, windy and wet Southern Ocean (Fig. 8.2). The PEIs are of volcanic
origin (Boelhouwers et al. 2008). They support a variety of habitat types which are
largely determined by elevation (cold high elevation areas are devoid of vascular
vegetation), the age of volcanic activity and glaciation activity (older volcanic flows
have often been exposed to glaciation), and, in the coastal zone, by nutrient inputs
due to animal activity and salt spray (Boelhouwers et al. 2008; Gremmen and Smith
2008). The highest points on Marion and Prince Edward Islands are 1242 and 672 m
above sea level respectively.

The PEIs are two of a group of sub-Antarctic islands, which are collectively
considered to be some of the most isolated places on Earth. Much of the importance
of the sub-Antarctic islands lies in the fact that they are the only pieces of land at high
latitudes in the Southern Hemisphere. They are thus essential breeding grounds for
several top oceanic predators (e.g. Reisinger et al. 2018), and are home to many
unique organisms that occur nowhere else. Some species are endemic to one or few
islands, while others are shared amongst several islands of the region (Greve et al.
2005; Griffiths et al. 2009; Shaw et al. 2010; Griffiths and Waller 2016).
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Fig. 8.2 Position of the sub-Antarctic Prince Edward Islands in the Southern Ocean

Despite their isolation and their harsh climates, sub-Antarctic islands, including
the PEIs, have not remained unaffected by humans, and biological invasions have
had a major impact on their ecology. Indeed, it has been established that whereas
sub-Antarctic islands with milder temperatures tend to support more invasive species
(Chown et al. 1998; Leihy et al. 2018), the harsh climate of these islands does not
provide a barrier to the survival of a significant number of global invaders (Steyn
2017; Duffy et al. 2017).

8.2 Human Activities at the Prince Edward Islands

The introduction of alien species is closely linked to the human history of the PEIs.
The earliest recorded human landings of the PEIs were in the early nineteenth
century, when exploitation of seals for commercial gain commenced (Cooper
2008). For the next 50 years, sealing activities on the islands were fairly intense.
The presence of one of the first invasive species, Mus musculus (House Mouse), was
recorded in writings from this time (Cooper 2008), and several plant species were
also introduced during this period (le Roux et al. 2013b). By the middle of the
nineteenth century, however, seal populations had been greatly reduced, which
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Table 8.1 Numbers of

- ) Taxon Marion Island Prince Edward Island

known alien species currently Mammals ) 0

present on Marion Island and

Prince Edward Island by Crustacg ans 1O 0

{axonomic group Arachnids 6 (1) 1 (0)
Collembolans 5(0) 1(1)
Insects 14 (12) 303)
Mollusca 1(1) 0
Vascular plants 15 (7) 3(3)
Bryophytes 2(0) 0
Fungi 1(0) 0

The numbers of alien species which are also known to be invasive
(i.e. are known to have spread beyond the point of first introduc-
tion) are indicated in parentheses. These species include species
classified as D1-E by Blackburn et al. (2011). Adapted from Greve
et al. (2017) and van der Merwe et al. (2019)

meant that sealing became unprofitable and that human traffic to the islands became
infrequent (Cooper 2008). In the austral summer of 1947/1948, the PEIs were
annexed by the South African Government, and a meteorological station, which,
in subsequent years was replaced by larger research stations, were established on
Marion Island. A permanent human presence has been maintained on the island
since then (Cooper 2008). The PEIs are currently designated as a Special Nature
Reserve, which means that it is reserved for research and conservation management
activities under permit only; tourist activities are not permitted on either of the
islands (Republic of South Africa 2004). Marion Island currently has a permanent
contingent of about 20-25 people living on the island for 13 months at a time. Island
stocks are usually replenished once a year during April/May, when annual teams are
replaced. During this time, additional personnel and scientists visit the island, so that
the number of people on the island increases to approximately 80. In contrast, visits
to Prince Edward Island are allowed only once every 4 years in terms of the islands’
management plan (Department of Environmental Affairs Directorate: Antarctica and
Islands 2010). As a consequence, Prince Edward Island supports significantly fewer
alien species than Marion Island (Table 8.1, Greve et al. 2017).

8.3 Terrestrial Invasions

Invasive species are, along with climate change, considered to be the greatest threat
to the terrestrial ecosystems of sub-Antarctic islands (Frenot et al. 2005).
Terrestrial invasions have led to population declines of several species and even
local extinctions, and have impacted ecosystem processes and functioning (Frenot
et al. 2005; McGeoch et al. 2015). Invasions have also led to greater taxonomic
homogeneity amongst the islands, as many of the same species have become invasive
across several of the islands (Greve et al. 2005; Shaw et al. 2010). The PEIs, and
especially Marion Island, have not been spared this fate (Greve et al. 2017).
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8.3.1 Vertebrates

Only one mammalian invader is currently present on the PEIs, namely M. musculus.
The rodent occurs only on Marion Island, where it was introduced by sealers during
the 1800s (Cooper 2008). Mus musculus is absent from Prince Edward Island.

Mus musculus on Marion Island has shown an increase in population density by
about 430% over 20 years (McClelland et al. 2018), ostensibly due in part to the
eradication of the feral cats (Felis catus) on Marion island (see below), but also
because of an earlier onset of breeding season brought about by a reduction in winter
rainfall (McClelland et al. 2018).

Of all invaders on the PEIs, M. musculus has the most severe, and best-studied,
impacts (Zengeya et al. 2020, Chap. 17, Sect. 17.3). Several impacts on individual taxa
have been recorded. These include impacts on a number of native plant species. The
seeds of at least six native vascular plant species are consumed by M. musculus (Smith
et al. 2002), with some species’ seeds being taken at almost 100%, resulting in reduced
reproductive output of these species (Chown and Smith 1993). Mus musculus also
show a preference for creating the entrances to their burrows in the cushion-shaped
keystone plant, Azorella selago (Avenant and Smith 2003). Such burrows can cause
extensive damage to, and in some cases lead to mortality of, A. selago cushions (Phiri
et al. 2009). Although mouse damage to A. selago cushions decreases with altitude,
damage has been observed at relatively high altitudes (548 m) within almost 100 m of
the altitudinal limit of A. selago on Marion Island (Phiri et al. 2009).

Invertebrates constitute the majority of M. musculus’ diet on Marion Island
(Smith et al. 2002; McClelland et al. 2018). It has been estimated that M. musculus
has reduced total invertebrate biomass by more than 85% (McClelland et al. 2018).
Although limited comparisons with mouse-free Prince Edward Island have shown no
evidence of lower invertebrate populations on Marion Island (Hugo et al. 2006), it is
thought that preferential consumption of large individuals by M. musculus has resulted
in the body size of weevils on Prince Edward being significantly larger than on Marion
Island (Chown and Smith 1993; Treasure and Chown 2014).

Most recently, M. musculus has been observed feeding on the live chicks of
surface-nesting (Dilley et al. 2016) and on burrowing (Dilley et al. 2018) seabirds
on Marion Island (Fig. 8.1b). The first such occurrence on Marion Island was only
observed in 2003, where attacks on surface-nesting seabirds started, seemingly inde-
pendently, at different sites simultaneously across the island (Dilley et al. 2016). The
incidence of M. musculus attacks on affected populations of four seabird species was
recorded to be high, with up to 9% chick mortality (once an attack has taken place) in
surface-nesting species, and up to 100% mortality in burrowing species (Dilley et al.
2016, 2018) because chicks do not defend themselves against M. musculus attacks
(Wanless et al. 2007). However, the occurrence of feathers in the gut content of
M. musculus was recorded as early as the early 1990s and was initially put down to
scavenging (Smith et al. 2002); it may well have been an earlier indication of active
predation of seabirds by M. musculus (Smith 2008)—perhaps of the burrowing petrels.

Beyond affecting individual species, M. musculus also has impacts on ecosystem
processes. It has been suggested that, especially due to their heavy predation on
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invertebrates, decomposition and peat formation have changed on Marion Island
(Smith 2008). More specifically, the reduction in decomposer invertebrates has
resulted in lower breakdown of plant litter, lowering the availability of nutrients
and slowing the growth rates of plants. This, in turn, is thought to result in slower
accumulation of peats (Smith 2008).

Additionally, the burrowing activities of M. musculus affect geomorphic pro-
cesses on Marion Island: soils are destabilised, erosion around burrows increases and
temperatures around and in burrows increases (Eriksson and Eldridge 2014).

Rodents have been successfully eradicated from a number of islands (Howald
et al. 2007), including several sub-Antarctic islands (Towns and Broome 2003;
Martin and Richardson 2017; Springer 2018; http://milliondollarmouse.org.nz/).
Given the wide-reaching, and seemingly increasing impacts of M. musculus on the
terrestrial ecosystems of Marion Island, it is encouraging that a House Mouse
(M. musculus) eradication programme for Marion Island is planned to be undertaken
in 2021.

A second invasive mammal that had significant impacts on the island ecosystem
did, for some years, occur on Marion Island: Felis catus (the Domestic Cat) (Zengeya
et al. 2020, Chap. 17, Sect. 17.3). Felis catus were intentionally introduced in 1948
to control M. musculus populations in the meteorological station, but soon became
feral. The diet of F. catus consisted mainly of burrowing petrels (M. musculus made
up only app. 16% of their diet, van Aarde 1980), and it was therefore responsible for
causing major declines in burrowing seabird populations, and the local extinction of
at least one species (Bester et al. 2002). Felis catus was successfully eradicated from
Marion Island in 1991 through a combination of hunting, trapping, poisoning, and
biological control with a feline virus (Bester et al. 2002).

Other vertebrate species that were intentionally introduced to Marion Island to
provide fresh food for sealers, or, more recently, for overwinterers after the estab-
lishment of the South African meteorological station, include Sus scrofa domesticus
(Domestic Pig), Ovis aries (Sheep), Capra hircus (Goat) and Gallus gallus
domesticus (Chicken) (Watkins and Cooper 1986; Greve et al. 2017). Additionally,
Canis lupus familiaris (Domestic Dog) and two parrots were kept on Marion Island
for companionship in the 1960s (Watkins and Cooper 1986). All these species either
did not establish in the wild, or were subsequently removed from the island (Watkins
and Cooper 1986; de Villiers and Cooper 2008; Greve et al. 2017). Based on
evidence from other islands, it is highly likely that some of these species could
have caused significant damage, had they persisted as self-sustaining populations
(Frenot et al. 2001; Courchamp et al. 2003; Lecomte et al. 2013).

8.3.2 Free-living Invertebrates

The first summary of invasive insects of Marion Island was made by Crafford et al.
(1986); this account listed nine species that were classified as alien and ‘naturalised’.
Currently, a total of 27 invasive terrestrial invertebrate species is known from the
PEIs (Greve et al. 2017). As with the continental areas of South Africa (Janion-
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Scheepers and Griffiths 2020, Chap. 7, Sect. 7.2), the Lepidoptera are the inverte-
brate group with the highest number of invasive species, followed by the Diptera. An
additional 15 species that have been recorded from the PEIs have not become
naturalised on the islands. The number of invasive species is probably an underes-
timate, as the earthworms, nematodes and tardigrades have not been adequately
sampled. As with other invasive taxa, Marion Island has more invasive terrestrial
invertebrate species than neighbouring Prince Edward Island due to the strict
regulations for visiting the latter island. Nevertheless, the potential for invasive
invertebrates to be introduced to Prince Edward Island from Marion Island by
means of birds or wind exists (Ryan et al. 2003).

Known pathways for introductions of invertebrates to the PEIs include as con-
taminants in fresh fruit and vegetables (no longer allowed ashore at either island), in
dry-food stores, and in packing containers and building material (Smith 1992; Hénel
et al. 1998; Slabber and Chown 2002). Evidence from invasive springtails (Fig. 8.1c)
suggests that only a few individuals of a species are required for introductions to be
successful (Myburgh et al. 2007).

The spread of invasive terrestrial invertebrates can vary substantially. For exam-
ple, the Parasitic Wasp (Aphidius matriciae), first introduced in about 2001, spread at
a rate of 3—5 km year ' and currently occurs across the island. Within 5 years,
abundances of adults doubled whilst the percentage of parasitism in its host,
Rhopalosiphum padi (Bird Cherry-oat Aphid), increased from about 7% to 30%
(Lee and Chown 2016). On the other hand, it has been estimated that
Pogonognathelllus flavescens (Springtail), first recorded in 1993, will take centuries
to spread around the island (Treasure and Chown 2013), and it is currently only
known from a few localities.

The impacts of invasive terrestrial invertebrates are difficult to measure, but
examples on other sub-Antarctic islands suggest that the high abundance of an
invasive species can result in the displacement of native species (Convey et al.
1999; Terauds et al. 2011). On Marion Island, for example, the midge Limnophyes
minimus significantly alters nutrient cycling in areas where it is very abundant
(Hénel and Chown 1998). New interactions can also form among invasive species.
For example, A. matriciae became a parasitoid of R. padi (Lee and Chown 2016).

The distribution of many invasive invertebrate species seems to be restricted to
lower altitudes (Gabriel et al. 2001; Lee et al. 2007). This may be due to physiolog-
ical or microclimate restrictions. For example, Deroceras panormitanum only occurs at
altitudes up to 300 m, above which it is physiologically limited by low temperatures
(Lee et al. 2007). However, as temperatures continue to increase on the PEIs (le Roux
and McGeoch 2008), invasive invertebrate species are expected to expand to higher
altitudes, either because they are able to cope physiologically, or because their host
plants are also expanding their ranges in response to a milder climate.

Due to their size, abundance and wide distribution, the eradication of widespread
invasive terrestrial invertebrates on the PEIs is not currently considered feasible.
However, Porcellio scaber (Common Rough Woodlouse), which was restricted to
the immediate vicinity of the old meteorological station, has been controlled with an
insecticide since it was first discovered on Marion Island in 2012 (D. Muir, pers.
comm). Ongoing monitoring will be needed to confirm its eradication.
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8.3.3 Plants

Seventeen alien plant species are currently established on the Prince Edward Islands,
of which all occur on Marion Island, and only three on Prince Edward Island. The
first alien plants are thought to have been introduced to the PEIs by sealers.
However, most introductions were probably associated with the importation of
building material to Marion Island for the construction of the station and other
infrastructure, and with fodder imported for sheep and chickens between the late
1940s and early 1970s (Gremmen and Smith 1999; Greve et al. 2017, Cooper et al.,
pers. comm.), though propagules of some alien species may well have been intro-
duced with clothing and other outdoor equipment (Lee and Chown 2009).

Of the alien plants that have been introduced to Marion Island, some never
naturalised, i.e. they were casual invaders and no longer occur on the island
(Gremmen and Smith 1999). Other species remain localised in their distribution,
despite the fact that several have been on the island for more than 50 years (le Roux
et al. 2013b). It could be that these localised species are poorly suited to the
sub-Antarctic environment; indeed, non-invasive and invasive alien species show
consistent differences in their traits, which could support this explanation
(Mathakutha et al. 2019). However, the possibility that these species are still in the
lag phase of the invasion process (Crooks and Soulé 1999), and may spread in future,
cannot be ruled out. Several of these localised alien species [e.g. Festuca rubra
(Creeping Red Fescue) and Rumex acetosella (Sheep Sorrel)] are widespread across
the sub-Antarctic islands (Shaw 2013). Given their success across the region, these
species could spread more widely on Marion Island if control measures are not
carried out (four populations of localised species on Marion Island are now regularly
controlled with herbicides; Department of Environmental Affairs Directorate: Ant-
arctica and Islands 2010). A single shrub of Ochetophila trinervis (Floating-heart),
native to the South American Andes, is thought to have been introduced on Marion
Island through natural dispersal by vagrant birds (and should thus be considered a
native species) (Kalwij et al. 2019).

Of the 17 introduced plant species on the PEIs, 8 of the species on Marion Island
and three on Prince Edward Island have become established and spread over substan-
tial distances from likely sites of introduction (Greve et al. 2017), and are considered
invasive (sensu Richardson et al. 2000). The invasive plants of the PEIs are of
European origin and widespread across the sub-Antarctic region, occurring on several
other islands (Shaw 2013). The invasive plants of Marion Island include three species
in the Poaceae [Agrostis stolonifera (Creeping Bent Grass), Poa annua (Annual
Meadow Grass, also present on Prince Edward Island, Fig. 8.1d) and Poa pratensis
(Kentucky Bluegrass)], and three in the Carophyllaceae [Cerastium fontanum (Com-
mon Mouse-ear Chickweed), also on Prince Edward Island], Sagina procumbens
(Birdeye Pearlwort, also on Prince Edward Island, Fig. 8.1d) and Stellaria media
(Common Chickweed)] (Greve et al. 2017).

The spread rates of invasive plant species on the PEIs have been estimated to vary
between 0.13 and a fairly rapid 2.36 km? year ' (le Roux et al. 2013b). The spread of
invasive plants on the PEIs is enhanced by a number of factors. On Marion Island,
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humans have played an important role. Patterns of spatial occupancy of invaders
suggest that invasions radiate out from human structures (viz. the research base and
the field huts) (le Roux et al. 2013b). Additionally, disturbance caused by human
trampling provides an opportunity for invaders to establish, increasing their cover
and abundance (Gremmen et al. 2003). Disturbances along with nutrient addition
that are associated with seal colonies further increase suitability for invasion (Hauss-
mann et al. 2013). Coastal vegetation thus tends to be more invaded than inland
vegetation (Greve et al. 2017). Birds also play a role: some invading plants, such as
the grass P. annua, are associated with the burrows and nests of seabirds (Ryan et al.
2003), and it is thought that two (S. procumbens and C. fontanum) of the three
invasive plants on Prince Edward Island were introduced from Marion Island with
natural vectors—either by seabirds or by wind (Ryan et al. 2003).

Little is known about the impacts of plant invaders on Marion Island. Only the
impact of A. stolonifera has been rigorously assessed (Gremmen et al. 1998). This
grass species especially dominates drainage lines and slopes, where it is outcompeting
native species, although it is not thought to threaten any native species with extinction
(Gremmen et al. 1998). A more recent study that compared the plant and springtail
communities associated with S. procumbens with those associated with two native
plants that were being overgrown by S. procumbens, showed that epiphytic plant
communities did not differ between the native and invasive host species. However,
S. procumbens appeared to facilitate a higher richness and biomass (though not
abundance) of invasive Collembola than did the native plant species (Twala 2018).

8.3.4 Microbes

Although microbes are some of the most readily transported, and thus most fre-
quently introduced, group of organisms (Mallon et al. 2015), not much is known
about their invasion ecology in the Antarctic region (Hughes et al. 2015). The
microbiology of the PEIs has received little attention (Sanyika et al. 2012), and to
date only one fungus, which is presumed to be invasive, has been recorded from
Marion Island. Botryotinia fuckeliana is a fungal pathogen that attacks the leaves of
the native Pringlea antiscorbutica (Kerguelen Cabbage), and is thought to have been
introduced to Marion Island in fresh produce (Kloppers and Smith 1998).

8.4 Freshwater Invaders

Two species of trout, the Rainbow Trout (Oncorhynchus mykiss) and the Brown
Trout (Salmo trutta), are the only non-native freshwater species that are known to
have been introduced, and survived, on the PEIs (Watkins and Cooper 1986; Cooper
et al. 1992). Both species were introduced to Marion Island, O. mykiss in 1959, and
S. trutta in 1964. Neither are thought to have reproduced and both species are now
extinct on the island (Watkins and Cooper 1986; Cooper et al. 1992). Stomach
contents of the Brown Trout (S. trutta) revealed that the species had a fairly
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impoverished diet, consisting mainly of terrestrial invertebrates; it is thus unlikely
that the species had a major impact on the river system (Cooper et al. 1992).

Some algal surveys have been conducted on the PEIs (van de Vijver et al. 2008;
van Staden 2011) but no alien species have been detected (Greve et al. 2017).

8.5 Marine Invaders

For the Southern Ocean, invasion of marine habitats by alien species is a widely-held
concern (Barnes 2005; Frenot et al. 2005; Aronson et al. 2007). However, there are
currently no known cases of alien marine species establishing anywhere in the
region, including the Prince Edward Islands and surrounds (Barnes 2005). Never-
theless, the concern is well-founded as there have been several documented occur-
rences of alien marine species from the Southern Ocean (Ralph et al. 1976; Thatje
and Fuentes 2003; Tavares and De Melo 2004).

At Marion Island, intertidal and subtidal shelf habitats have been periodically
sampled over the past five decades, allowing a reasonable degree of confidence of
the absence of marine alien species. The earliest descriptions of the subtidal macro-
benthos and fishes come from the Challenger (1873) and Discovery II (1935) expe-
ditions, while the intertidal habitats of Marion Island were first surveyed by Fuller
(1967), with more detailed work following in the 1970s and 1980s (de Villiers 1976;
Blankley and Grindley 1985). The shores were re-surveyed in 2017, and no alien
species were recorded (M. Pfaff pers. comm.). Likewise, subtidal habitats on the north-
eastern coast of Marion Island were surveyed by SCUBA divers to a depth of 15 m in
1988 (Beckley and Branch 1992). Extensive dredge and photographic surveys of the
deeper benthos of the island plateau and shelf edge (35-750 m) were completed over
the same period (Branch et al. 1993). This resulted in the production of detailed
taxonomic keys and the description of several new species (e.g. Arnaud and Branch
1991; Branch et al. 1991; Branch 1994, 1998; Branch and Hayward 2007). These
stations are now the subject of long-term monitoring by the South African Environ-
mental Observation Network, with photographic resampling undertaken in 2013, 2015
and 2017. Although this work has identified shifts in the relative composition of
benthic assemblages, no alien species have yet been recorded (von der Meden et al.
2017). A major caveat here, of course, is that the deep-sea (>800 m) benthic
ecosystems surrounding the PEIs remain almost entirely unsampled, leaving the status
of biological invasions in these environments unknown.

8.6 Changes to the Likelihood of Introductions and Spread
of Invasive Alien Species

8.6.1 Terrestrial Invasions

As the role of the PEIs has changed from being mainly of commercial/exploitation
interest (pre-annexation), to being a politically strategic outpost (post-annexation), to
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becoming a sentinel for research and conservation (most recently) (de Villiers and
Cooper 2008), the probability of introducing new invasive alien species to the
islands has changed (Fig. 8.3). The islands were probably most vulnerable following
annexation in 1948, when voyages to the islands were more common than prior to
annexation (Cooper 2008), but when there was little awareness of invasions
(de Villiers and Cooper 2008). During this period, several species were intentionally
introduced, and others arrived accidentally (de Villiers and Cooper 2008; Greve
et al. 2017). In the 1970s, concerns were raised about the threats posed by invasive
species, and since then, policy governing movements to and from, and activities on,
the islands has increasingly focussed on reducing the possibility of introducing new
species to the PEIs (de Villiers et al. 2006; de Villiers and Cooper 2008; Department
of Environmental Affairs Directorate: Antarctica and Islands 2010). Policies related
to biological invasions focus mainly on preventing new introductions to the islands
(Department of Environmental Affairs Directorate: Antarctica and Islands 2010); the
introduction phase is the easiest and most effective stage at which to control
invasions (Blackburn et al. 2011). Indeed, given the fact that introduction pathways
to the PEIs are few and generally well-understood, and because the islands are highly
isolated, the management of these pathways is much simpler than those associated
with the South African mainland (Faulkner et al. 2016).

Not only the nature of human activities, but also the amount of human traffic to
the islands affects the dynamics of invasions (McGeoch et al. 2015). The number of
voyages to the PEIs has not increased recently. Only during the construction phase of
a new research base on Marion Island (2003-2011) did the numbers of voyages
undertaken increase from one per year to several per year. However, since the
completion of the base, the number of research voyages is back one annually.
(Some exceptions have occurred; for example, in December 2016, the Antarctic
Circumnavigation Expedition stopped at Marion Island, and in the two subsequent

N =6

Sealing period: 1949-1950s 1960s 1970s 1980s 1990s
mainly 1800s
Annexation

Fig. 8.3 The number of introductions of alien plants per time period to Marion Island since the
island was first inhabited by people. Some dates of introductions are estimates, as it is difficult to
determine exact dates of first introductions (le Roux et al. 2013b). Dates are taken from Greve et al.
(2017). Two species listed in Greve et al. (2017) were not incorporated into this graphic:
Ochetophila trinervis (first discovered in 2004) is thought to have been introduced through natural
means (Kalwij et al. 2019). The “Unidentified plant” (first discovered in 2016) is a woody plant with
a well-developed stem. It is thought that the plant has been growing on the island for some years,
possibly decades; it is thus difficult to determine its date of introduction
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years, an additional resupply voyage was required to supply the base). While visits to
Prince Edward Island are permitted only every 4 years (Department of Environmen-
tal Affairs Directorate: Antarctica and Islands 2010), more than 4 years may pass
without a visit.

The new base, and the new research and supply vessel, the S.A. Agulhas II
(completed in 2012), house more people than did the old base and research vessel.
Therefore, the numbers of people that arrive at, and overwinter on, the island
annually has increased, which is likely to increase the opportunities for the intro-
duction of new species (McGeoch et al. 2015).

Improved policy brought about by better awareness of the problem of invasions
has resulted in lowered rates of introduction of terrestrial species to the islands,
especially to the more frequently visited and inhabited Marion Island (Greve et al.
2017), and the eradication of some invasive species (Cooper et al. 1992; Bester et al.
2002), with efforts for the eradication of four localised alien plant species ongoing
(DEA: Natural Resources Management Programme et al. 2012). However, despite
strict biosecurity regulations, which include, amongst others, no tourism, a ban on
fresh food or other biological material such as untreated wood, regulated checks on
field equipment and containers, and the disinfection of footwear (Department of
Environmental Affairs Directorate: Antarctica and Islands 2010), the success of
these policies depend on awareness, buy-in and cooperation from the community
that travels to the islands, and the effectiveness of policy implementation (McGeoch
et al. 2015).

It has long been suggested that climate change will exacerbate the extent and
impact of biological invasions (Dukes and Mooney 1999; Walther et al. 2002;
Daehler 2003). This is also evident on the PEIs, where rapid climate change has
been shown to benefit a number of invasive terrestrial taxa, including M. musculus,
which have shown range expansions and increases in density over the past 20 years
(McClelland et al. 2018), and several alien plant species, which have expanded their
ranges up altitudinal slopes (Chown et al. 2012; le Roux et al. 2013a).

There is also evidence that climate change may benefit invaders into the future,
often more so than native species. Physiological experiments on invertebrates such
as springtails have shown that, for certain thermal traits, invasive alien species have
higher phenotypic plasticity than the native species (Chown et al. 2007; Slabber et al.
2007; Janion et al. 2010). Also, invasive species survive longer under drier condi-
tions when acclimated at warmer temperatures, whilst native species do not. Manip-
ulative field experiments corroborate these findings: the abundance of alien species
is higher under drier, warmer conditions (McGeoch et al. 2006). This could result in
the displacement of native species by the abundant invasive species (Terauds et al.
2011), although the impacts on functional roles remains poorly understood. Finally,
an increase in the frequency of low temperature events due to an increase in freeze-
thaw cycles as a result of less snow and more clear-sky nights (Smith and Steenkamp
1990), are expected to alter the abundances and distribution of invertebrates species
(Chown and Froneman 2008); this could indirectly affect assemblage-level function
(Janion et al. 2009).

For plants, trait studies indicate that the leaves of invasive species on Marion
Island have poorer defence mechanisms (including lower frost tolerance) than native
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species; this suggests that invasive plants too will benefit more from a milder climate
than native plants (Mathakutha et al. 2019).

More generally, climate matching approaches conducted across the sub-Antarctic
islands suggest that these islands, including the PEIs, will become more vulnerable
to invasions under climate change (Steyn 2017; Duffy et al. 2017).

8.6.2 Marine Invasions

The threat of marine invasions at the PEIs, and how these are changing, has received
relatively little attention. Nevertheless, increasing vessel traffic in the Southern
Ocean has been highlighted as a substantial factor promoting marine introductions
(Barnes et al. 2006; Lee and Chown 2007; Hughes and Ashton 2017). Prolonged
survival of hull-fouling marine taxa, including the highly invasive bivalve Mytilus
galloprovincialis (Mediterranean Mussel), has been demonstrated on research ves-
sels travelling to the Prince Edward Islands (Lee and Chown 2007). There is some
consolation in the notion that the predominant direction of transport of any alien
species via ship’s ballast water is likely to be from the Southern Ocean northwards
due to intake of ballast at destinations within the Southern Ocean. Conversely
however, transport of hull-fouling communities is predominantly expected to be
southwards following winter docking in mainland ports (Lewis et al. 2003).

There is an increasing likelihood that regions of the Southern Ocean will receive
introductions of new marine species stemming from weakening or disrupted climatic
and oceanographic barriers, and long-distance transport via kelp and plastic debris
(Aronson et al. 2007; Fraser et al. 2018; Waters et al. 2018). This is particularly true
with respect to the location of the PEIs relative to southward variations in the
position of the sub-Antarctic Front and associated oceanographic eddies which, for
example, are known to facilitate cross-frontal transport of zooplankton within the
PEI region (Pakhomov and Chown 2003; Bernard et al. 2007). Technically, new
introductions associated with kelp rafting would be considered natural range expan-
sions, as they are not assisted by humans (Blackburn et al. 2011); however, new
introductions associated with floating waste are considered to be invasion events
(Gregory 2009). Indeed, the rise in anthropogenic debris (mostly plastic) globally
means there is much more material on which marine species can raft (Barnes 2002;
Eriksen et al. 2014). Despite the lowest colonisation rates for anthropogenic debris
occurring at high latitudes (>50°) globally, it is estimated that such material has
tripled the transmission of fauna in these latitudes (Barnes 2002).

Targeted systematic long-term sampling of marine habitats, and meaningful
oversight of ballast water and hull-fouling are essential to ongoing information
gathering and prevention of marine invasions to the PEIL. Although detection is
difficult given the very large and inaccessible environment, including oceanic and
deep benthos across the 500,000 km? exclusive economic zone, focused sampling
efforts will provide some chance of early detection. Efforts should include well-
defined sentinel areas such as intertidal shores and leeward anchorages, and oppor-
tunistic observations of benthic fauna brought up as bycatch from long-line fishing
activities.



220 M. Greve et al.

As is the case for the Southern Ocean generally, the risk of successful introduc-
tions at the PEIs are increasing as global climates are changing: due to the weakening
and disruption of thermal and oceanographic barriers the islands become less
isolated (Aronson et al. 2007; Fraser et al. 2018; Waters et al. 2018). The warming
Southern Ocean and southward shifts in the Antarctic Circumpolar Current and
associated Sub-Antarctic Front illustrate this, with the PEIs located directly in the
path of southerly movements of the Sub-Antarctic Front and experiencing biological
changes in benthic and zooplankton communities (Pakhomov et al. 2000; Hunt et al.
2001; Gille 2002; Mélice et al. 2003; Allan et al. 2013).

8.7 Conclusions

Recent decades have seen an increased interest in the invasion biology of the sub-
Antarctic islands, including the PEIs (Greve et al. 2017). This has come with
improved awareness and policies governing activities on, and movement to and
from, the islands (See Department of Environmental Affairs Directorate: Antarctica
and Islands 2010), and decreased rates of invasion (Fig. 8.3).

Some gaps in knowledge remain. These include taxonomic gaps: some groups
have received little to no attention (Greve et al. 2017). Impacts of invaders other than
M. musculus are also mostly poorly quantified. However, new opportunities also
exist. The planned eradication of M. musculus from Marion Island in 2021 could
bring about drastic changes in the abundance and composition of native species,
species traits (e.g. body size of insects) (Treasure and Chown 2014), and in ecosys-
tem processes and function. Additionally, Prince Edward Island, which is free from
M. musculus, provides an excellent study system to understand whether Marion
Island recovers to a “natural” state, or whether its ecology will take a trajectory
different to what it would have been had M. musculus never been on the island,;
making this an interesting study system.

Although the PEIs have some of the strictest policies among sub-Antarctic islands
regarding biosecurity (McGeoch et al. 2015), buy-in and enforcement of the policies
are, at times, lacking. It therefore remains imperative that the policies for the PEIs are
strictly adhered to and enforced, and that improvements in the policies are made
when and where needed.
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Chapter 9 )
Coastal Invasions: The South African Creck o
Context

Tamara B. Robinson (), Koebraa Peters (), and Ben Brooker

Abstract In total, 95 marine alien species are known from the South African coast,
of which 56 have spread from their points of introduction to become invasive. While
just over half of these alien species are restricted to harbours, 45 invasive species
have been recorded in natural habitats. The association between marine alien species
and harbours reflects the importance of shipping as a pathway for introducing novel
marine biota. In the South African context, 91% of introductions have been linked to
this mode of transport, with the majority originating from the North Atlantic Ocean.
The most invaded region is the Southern Benguela ecoregion along the west coast,
where 67 alien species have been detected, with the number declining towards the
east. The drivers of this spatial pattern are not yet fully understood, although an
interaction between vector strength and compatibility of climate between recipient
and donor harbours is likely to play a role. Three species, the Mediterranean Mussel
Mpytilus galloprovincialis, the Chilean Mussel Semimytilus algosus and the Pacific
Barnacle Balanus glandula, have become abundant and widespread along the open
coast, and are dominant on wave-exposed rocky shores along the west coast. Here,
their sequential invasions have altered intertidal community structure, predomi-
nantly through their high abundance and resultant alteration of habitat complexity.
Furthermore, the potential threat posed by alien biota to the effectiveness of marine
protected areas (MPAs) is increasingly being recognised. Baseline surveys of
19 South African MPAs have revealed the presence of 22 alien species from eight
phyla. The highest number of alien species (9) has been noted in Langebaan Lagoon
(along the west coast), while Sixteen Mile Beach and Helderberg MPAs (along the
west and south coasts, respectively) remain the only MPAs free of alien species.
Dedicated research effort in the last two decades has undoubtedly provided valuable
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baseline knowledge on the status of marine invasions in this region. This is expected
to provide a solid basis upon which effective evidence-based management will be
developed in the future.

9.1 Introduction

Marine alien species were likely first introduced to southern Africa with the arrival of
European settlers in the early 1600s (Mead et al. 201 1a). Despite this long history of
human-associated introductions, the dedicated study of marine invasions along the
South African coast only began in 1992 when the first list of alien species was
produced (Griffiths et al. 1992), detailing the presence of just 15 species. Over the
next decade this list was refined, with some species being removed as initial mis-
identifications were uncovered, while others were removed as local extinctions were
recorded (Griffiths 2000; Awad 2002). Following international trends, the subse-
quent decade saw numerous updates to the list of alien species known from the
region (Robinson et al. 2005; Griffiths et al. 2009; Mead et al. 2011a). Notably, the
list was expanded to include cryptogenic species (Robinson et al. 2005) and histor-
ical introductions (Mead et al. 2011a). In keeping with international best practice, the
most recent listing of alien marine biota differentiated between alien species (those
whose presence in a region is attributable to human actions) and invasive species
(those alien species that have self-replacing populations over several generations and
have spread from their point of introduction) (Richardson et al. 2011). This saw the
recognition of 89 alien species of which 53 were considered to be invasive (Robin-
son et al. 2016). Nonetheless, historic invasions continue to be recognised and new
invasions continue to occur. Reflecting this, an additional five alien species [the
intertidal isopod Ligia exotica (Greenan et al. 2018), the Chilean Stone Crab
Homalaspis plana (Peters and Robinson 2018), the South American Sunstar
Heliaster helianthus (Peters and Robinson 2018), the Maritime Earwig Anisolabis
maritima (Griffiths 2018) and the barnacle Perforatus perforatus (CL Griffiths pers.
comm)], as well as two invasive species [the amphipod Caprella mutica (Peters and
Robinson 2017) and the porcelain crab Porcellana africana (Griffiths et al. 2018)]
have been recorded since 2016.

While this increasing trend is typical of many marine ecosystems (Wonham and
Carlton 2005; Galil et al. 2014), the number of alien species known from
South Africa still appears to be much lower than in other well-studied sites. For
example, over 680 alien species are known from the Mediterranean Sea (Galil et al.
2014), while 180 have been recorded in the restricted area of Port Philip Bay,
Australia (Hewitt et al. 2004). Although presently comparatively low, the number
of alien species recognised from along the South African coast is expected to keep
rising. This increasing trend is likely to be sustained by new incursions, but also by
the study of previously under-studied habitats (e.g. kelp beds and temperate reefs),
regions (e.g. large stretches of the East coast) and taxa (especially taxa such as
nematodes and ostracods). Nonetheless, the value of such increased research effort
will depend largely on the availability of taxonomic experts to correctly identify
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alien taxa. This key skill is presently underrepresented within the marine research
community in South Africa (Griffiths et al. 2010) and the shortage of specialist
taxonomists has been highlighted as an impediment to the development of a com-
prehensive list of alien marine species for the region (Griffiths et al. 2009). Despite
this obstacle, marine invasion biology in South Africa is a growing field of study.
This is reflected most clearly in the publication of 36 peer-reviewed papers in the
decade ending 2008, followed by an almost doubling to 70 publications in the
decade ending 2018. Pre-2000 most studies considered the establishment and spread
of alien taxa in easily accessed habitats such as rocky shores and reported the results
of field surveys (Alexander et al. 2016). Since that time there has been an increased
focus on experimental studies (both laboratory and field-based) and an emphasis on
understanding biological interactions (e.g. Steffani and Branch 2003; Zardi et al.
2006; Branch et al. 2008, 2010; Bownes and McQuaid 2010) and intra-regional
spread (Peters et al. 2017).

9.2 Status of Marine Alien Species

In total 95 alien species are known from South Africa, with an additional 39 species
being reported as cryptogenic (Table 9.1). These species represent a variety of
taxonomic groups, including micro-organisms such as protists (Mirofolliculina
limnoriae) and dinoflagellates (e.g. Alexandrium minutum), polychaete worms
(e.g. Polydora hoplura), starfish (Heliaster helianthus) and even algae
(e.g. Codium fragile). The majority of species are crustaceans (including barnacles,
copepods, amphipods, isopods and crabs), which account for 32% of recognised
alien species (Fig. 9.1). Cnidarians (including anemones and hydrozoans) and
molluscs (including gastropods and bivalves) account for 14% and 13%, respec-
tively, while 12 different taxonomic groups account for the remaining species.

Of the 95 alien species, 56 are considered to be invasive. It is notable that 80%
of these invasive species have been recorded in natural habitats although only three,
the Mediterranean Mussel Mytilus galloprovincialis, the Chilean Mussel Semimytilus
algosus and the Pacific Barnacle Balanus glandula have become abundant and
widespread along the open coast. Table 9.1 lists all of these species, including the
ecoregions that they have invaded in South Africa (see Sink et al. 2012). Six of the
remaining 39 alien species are considered naturalised (i.e. they support self-sustaining
populations) but have not yet spread from their points of introduction.

Tracking changes in numbers of alien species can be difficult, especially in
marine habitats, where they can remain unobserved for many years after their
introduction. In addition, temporal patterns of introductions can be masked by
changing research effort through time. Nonetheless, some clear patterns emerge
when considering the number of marine alien species known from the
South African coast through time. The earliest record dates back to 1852, when
the bryozoan Virididentula dentata (previously known as Bugula dentata) was first
noted (Mead et al. 2011b). In total, only four alien species were recorded in the
1800s. This is in contrast with the 1900s, when 65 species were noted, giving a
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Table 9.1 List of 45 invasive species that have spread into natural habitats, along the

South African coastline and the ecoregions in which they occur

Taxonomic Ecoregion
group Species Southern Benguela Agulhas Natal Delagoa
PORIFERA Suberites ficus \
CNIDARIA
Hydrozoa Coryne eximia \/
Obelia dichotoma N \/ \
Odessia maeotica \ \/
Pennaria disticha v \
ANNELIDA
Polychaeta Alitta succinea \/ \
Boccardia proboscidea N \
Ficopomatus enigmaticus v \ v
Neodexiospira brasiliensis \/ S \
Polydora hoplura \/ \/
CRUSTACEA
Cirripedia Amphibalanus venustus S v V
Balanus glandula \/ Y
Isopoda Sphaeroma walkeri \/
Amphipoda Caprella mutica \ \/
Ericthonius brasiliensis v J N \/
Jassa morinoi \ y \
Jassa slatteryi \/ V
Orchestia gammarellus N S
Platorchestia platensis S
Decapoda Carcinus maenas \
Pinnixa occidentalis v
Porcellana africana N
INSECTA
Coleoptera Cafius xantholoma \
Dermaptera Anisolabis maritima 3
MOLLUSCA
Gastropoda Littorina saxatilis \/ \/
Mpyosotella myosotis \/
Tarebia granifera v \/
Indothais blanfordi Y v
Semiricinula tissoti v
Bivalvia Crassostrea gigas \
Mytilus galloprovincialis \/ Y
Semimytilus algosus v Y
Teredo navalis \
BRYOZOA
Bugula neritina \/ < v
Bugulina flabellata \/ \/ \
Conopeum seurati v \
Cryptosula pallasiana \/ S
Virididentula dentata \ \/ \
Watersipora subtorquata \ Y

(continued)
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Table 9.1 (continued)

Taxonomic Ecoregion
group Species Southern Benguela Agulhas Natal Delagoa
CHORDATA
Ascidiacea Diplosoma listerianum v v D
Microcosmus squamiger Y v
RHODOPHYTA
Antithamnionella \/ v
spirographidis
Asparagopsis armata V y \
Asparagopsis taxiformis v v
CHLOROPHYTA
Cladophora prolifera N
Codium fragile y v

discovery rate of 6.5 species per decade. Notably, since 2000, 27 further new species
have been recognised, a discovery rate of 15 species per decade. While increased
attention to marine invasions has undoubtedly contributed to the accelerating trend
in recognised introductions, the fact that new introductions continue to be noted in
historically well-studied and frequently-surveyed regions such as Saldanha Bay
(Peters and Robinson 2018) suggests an increase in the rate of new introductions.
A large proportion of species (44%) introduced to the coast of South Africa
originate from the North Atlantic Ocean (Fig. 9.2) with most being native to the
coasts of Europe, the United Kingdom and northern Africa. Interestingly, only 15%
of introduced species have their origins in the southern hemisphere. This pattern is

Crustacea
Cnidaria
Mallusca
Annelida

Chordata
Bryozoa
Rhodophyta
Dinoflagellata
Chlorophyta

Echinodermata

Brachiopoda
Insecta
Porifera

Pycnogonida

0 5 10 15 20 25 30 35
Proportion of alien species (%)

Fig. 9.1 The taxonomic breakdown of alien taxa known from along the South African coast
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Percentage of alien species

Fig. 9.2 The percentage of South African marine introductions from the different regions of origin

likely due to a combination of shipping patterns and the fact that the west coast of
South Africa offers cool temperate conditions that match those of the North Atlantic
Ocean (Griffiths et al. 2009).

9.3 Geographic Patterns Around a Variable Coast

Five ecoregions are recognised along the South African coast (Sink et al. 2012). The
majority of alien species (n = 67) occur in the Southern Benguela ecoregion on the
west coast. The numbers of alien species gradually decline eastward along the coast
(Fig. 9.3). It is notable that 43 alien species are present in only one ecoregion, and
only three alien species occur in all four ecoregions along the coast; all three are
amphipods (Cerapus tubularis, Ericthonius brasiliensis and Ischyrocerus anguipes).

The observed patterns in alien species distributions could be explained in several
ways. Alien species numbers may reflect a gradient of research effort around the coast
(Robinson et al. 2005), as much of the research undertaken on marine alien species has
been focused on the Western Cape (Griffiths et al. 2009). Nonetheless, extensive
research on rocky shores in KwaZulu-Natal (e.g. Sink et al. 2005), and recent surveys
of harbours between Mossel Bay and Richards Bay (Peters et al. 2017) failed to detect
new marine alien species, suggesting that other factors may be at play. A second
explanation may relate to differential vector strength along the coast. Shipping is the
oldest and most important vector for the transfer of marine alien species and one of the
oldest harbours (Table Bay) is situated in the Southern Benguela ecoregion. It is likely
that the long history of shipping there is linked to the high numbers of alien species
observed in this ecoregion, at least for historical introductions. Interestingly, Durban
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harbour, in the Natal ecoregion, has received the highest number of international
vessels in recent times (Faulkner et al. 2017), demonstrating that vector strength
alone does not explain the observed numbers of alien species. In fact, relative similarity
of climate between donor and recipient regions may moderate invasion success of
arriving species (Ashton 2006). This has been highlighted in Saldanha Bay, where six
new alien species have been recorded since 2004, 50% of which come from Chile and
Peru (Peters and Robinson 2018). The temperate upwelling nature of that region very
closely matches the environmental conditions of Saldanha Bay (Branch and Griffiths
1988; Arntz et al. 1991), highlighting the importance of climatic matching in explaining
spatial invasion patterns.

9.4 Vectors Driving Marine Invasions

The vectors responsible for marine introductions to South Africa have changed
considerably through time (Faulkner et al. 2020, Chap. 12). Initially, wooden sailing
ships carried wood-boring and fouling species on their hulls, as well as species
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associated with their dry ballasts (Griffiths et al. 2009). Dry ballast consisted of rocks
and sand placed in the hull to maintain stability and trim and was offloaded when
vessels filled their hulls with cargo, depositing associated species in new regions.
With the development of steel ships, the suite of species being transported changed.
While wood-boring species were no longer transported, hull fouling remained as an
important vector for the transfer of alien species, particularly fouling in the niche
areas (such as the rudder, propeller, propeller shafts and sea chests). The transition to
steel ships also saw a change in the type of ballast used, with ballast water replacing
solid ballast. This resulted in an important shift in the types of species that were
associated with shipping. Notably, species associated with dry ballast were no longer
inadvertently moved, but planktonic species, and those with planktonic life stages,
were taken up along with ballast water and released into novel ranges (Griffiths et al.
2009). Additionally, benthic species associated with sediment taken up along with
ballast water could be translocated (Hewitt et al. 2009). Furthermore, the change
from using sails to using steam and then oil increased the speed at which vessels
could travel. The speed, size and number of vessels has increased dramatically since
the 1970s (UNCTAD 2007), and with this it is expected that the number of
successful invasions has increased as well (Hulme 2009). Moreover, the increased
speed resulted in shorter transit times which in turn resulted in increased likelihood
of survival and likelihood of introduction of associated species.

The recognition of the dominant role that shipping plays in marine introductions
resulted in international efforts to regulate ballast water through the International
Convention for the Control and Management of Ships’ Ballast Water and Sediments
(BWM Convention). The aim of this convention is to prevent, minimise and
eliminate the risks associated with transferring harmful organisms in ballast water
(IMO 2004) and in 2017 the Convention entered into force (IMO 2017). Since the
initial development of this Convention, the role of ballast water in transporting
marine species is likely to have been reduced and although hull fouling was always
present, this has emerged as the dominant vector for marine species transfer (Hewitt
et al. 2009; Williams et al. 2013). Shipping is responsible for approximately 91% of
marine introductions to South Africa, but it is extremely difficult to associate
particular introductions with ballast water or hull fouling, as many species can be
introduced via either vector. Nonetheless, this separation has been possible for some
introductions to South Africa, with 23% of introductions being due to fouling only
and 5% associated with ballast water only (Fig. 9.4). Two other vectors have been
responsible for introductions to this coast, these being mariculture (Haupt et al.
2012) and oil and gas infrastructure (Sink et al. 2010). To date, mariculture has been
linked to the introduction of only five species to the region. Whilst this number may
appear low, three of the five species (the polychaete Boccardia proboscidea, the
oyster Crassostrea gigas and the brachiopod Discinisca tenuis) have become inva-
sive. Oil and gas infrastructure is an emerging vector in the region and while it has
potentially been responsible for only one introduction to date (the European shore
crab Carcinus maenas), efforts by the South African government to establish
South African ports as a premier destination for oil rig maintenance suggest that
this vector may become more important in the future. Although it has not yet
introduced any marine alien species to South Africa, the aquarium and pet trade is
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Fig. 9.4 The proportion of marine alien species introduced through a number of vectors, along the
South African coastline

a vector that has been linked to introductions elsewhere (Hayes et al. 2002;
Holmberg et al. 2015; Faulkner et al 2020, Chap. 12; Measey et al 2020, Chap.
27). Although the risk posed by this vector has not been quantified, the active trading
of aquarium species online and through aquarium shops highlights the potential for
introductions via this mechanism.

While the above section has highlighted primary vectors responsible for the
introduction of biota into South African waters, the role of vectors in intra-regional
spread is equally important. Although shipping can also be responsible for secondary
spread, the pathway takes on a slightly different nature at a regional scale, as large
commercial vessels become less important, and small and recreational vessels become
more important (Clarke-Murray et al. 2011). In South Africa, fouling on recreational
yachts was recently linked to the regional spread of marine alien species (Peters et al.
2014, 2017), with the Japanese Skeleton Shrimp, Caprella mutica offering an example
of a newly-introduced species that has been moved at a regional scale (Peters and
Robinson 2017). Although only recreational yachts have been investigated as a
mechanism of intra-regional species transfer, it is likely that other regional vessels
such as tour boats and fishing boats also play a role, but this remains to be quantified.
Furthermore, aquaculture has been linked to the secondary spread of species associ-
ated with oysters, as these are moved among farms (Haupt et al. 2010, 2012).

9.5 Alien Species in Marine Protected Areas

Marine Protected Areas (MPAs) have wide-ranging objectives not only as an
important mechanism for the conservation of living marine resources, but also for
preservation of rare or endemic species, maintenance of habitat heterogeneity,
protection of sensitive life stages of species under threat, supplementation of fish
stocks in adjacent areas, and provision of research and education opportunities
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(Norse 1993; Hockey and Branch 1997). With the continuous proliferation of marine
invasions, the ability of MPAs to meet these conservation objectives is likely to be
challenged (for example see Robinson et al. 2007a).

South Africa has a network of 23 coastal MPAs with an additional 20 offshore
MPA s that are expected to be proclaimed in 2019. The coastal network (Table 9.2)
accounts for 23% of the South African coastline (Sink et al. 2012), although only
about 10% is fully protected. Despite the conservation imperative for MPAs and the
recognition of the potential threat posed by marine alien species, by 2010 only three
of the coastal MPAs had been surveyed for alien species. In 2003, three alien species
were recorded in Langebaan Lagoon and Marcus Island on the west coast (Robinson
et al. 2004). The Mediterranean Mussel Mytilus galloprovincialis was the most
widespread and abundant species, supporting an estimated biomass of 117 tonnes
on Marcus Island and just less than 1 tonne in Langebaan Lagoon (Robinson et al.
2004), but it has since disappeared from the lagoon. An additional two species were
noted within the lagoon, the anemone Sagartia ornata and the intertidal periwinkle
Littorina saxatilis. The distribution and abundance of S. ornata was reassessed in
2013 when it was found to alter the community structure of invaded sandy shores
(Robinson and Swart 2015). Betty’s Bay MPA was surveyed for the first time in
2010, and the only alien species recorded was the bryozoan Watersipora
subtorquata (Malherbe and Samways 2014).

Table 9.2 A list of all
South African Marine MPA
Protected Areas and the years

Years in which surveys
have been conducted

in which they were surveyed Langebaan Lagoon 2003, 2013
for marine alien species Marcus Island 2003, 2013
Malgas Island 2013
Jutten Island 2013
Sixteen Mile Beach 2013
Table Mountain National Park 2013
Helderberg 2013
Betty’s Bay 2010, 2013
De Hoop 2014
Still Bay 2014
Goukamma 2014
Robberg 2014
Tsitsikamma 2014
Sardinia Bay 2014
Bird Island 2014
Amathole 2014
Trafalgar 2014
Dwesa-Cwebe Unsurveyed
Hluleka Unsurveyed
Pondoland Unsurveyed
Aliwal Shoal 2014

St Lucia 2014




9 Coastal Invasions: The South African Context 239

In response to the lack of knowledge about the status of invasions in MPAs,
baseline surveys of the intertidal and shallow sub-tidal zones were undertaken for
19 of the 23 MPAs by Brooker (2016). In total, 22 alien species from eight phyla were
recorded across the MPA network. The highest number of alien species was noted in
Langebaan Lagoon, with the next most invaded MPAs being Betty’s Bay and
Amathole, each supporting seven species (Fig. 9.5). Notably, only two MPAs
remained uninvaded (Sixteen Mile Beach and Helderberg). This absence of alien

Langebaan Lagoon
Marcus Island
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Fig. 9.5 The number of alien species recorded in each of the surveyed MPAs along the
South African coast
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species likely reflects the lack of rocky shores in these sandy protected areas, as most
alien species known from South Africa require hard substrata like rocks or artificial
infrastructure for attachment (Mead et al. 2011a). The most widespread species was
M. galloprovincialis, which occurred in 13 of the protected areas spanning the region
between Langebaan Lagoon on the west coast and Bird Island on the south coast.
Other notable occurrences included the first reports of the ascidians Microcosmus
squamiger and Diplosoma listerianum, the hydrozoans Obelia dichotoma and
Obelia geniculata and the bryozoan Cryptosula pallasiana in natural habitats. This
highlights that although most marine alien species are known from harbours, natural
habitats are susceptible to regional spread. This may be of particular
conservation concern in protected areas. A strong link exists between yachts and the
local spread of alien species along the South African coast (Peters et al. 2017). As such,
MPAs that are situated close to harbours, or that are visited by yachts, may be at
elevated risk of invasion by alien species and should be prioritised for monitoring.

9.6 Impacts of Dominant Intertidal Invaders

Because they are easily accessed and offer habitat to spatially dominant alien
species, the ecological impacts of non-native biota on rocky shores have been well
studied in South Africa. Three species have extensively invaded rocky shores along
the open coast, M. galloprovincialis, Semimytilus algosus and Balanus glandula
(Fig. 9.6). It is notable that all three invasions emanated on the west coast, with
species spreading south before crossing the biogeographic break of Cape Point and
dispersing onto the south coast.

Mpytilus galloprovincialis was first noted in Saldanha Bay in the late 1980s. It is
now the dominant intertidal species between northern Namibia and East London on
the south coast (Assis et al. 2015). This accounts for approximately 2800 km of the
South African coast. Within this range, it has proliferated at the expense of various
native taxa (Branch and Steffani 2004; Robinson et al. 2007b). Along the west coast,
this dominance has been driven primarily by the alien mussel’s superior growth rate,
reproductive output and tolerance to desiccation when compared to the native
mussels Choromytilus meridionalis and Aulacomya atra (van Erkom Schurink and
Griffiths 1991, 1993; Hockey and van Erkom Schurink 1992). As a result, since the
arrival of M. galloprovincialis, mussel beds in this region have extended further up
shore (Hockey and van Erkom Schurink 1992). Along the south coast
M. galloprovincialis co-exists with the native mussel Perna perna, through partial
habitat segregation that sees the alien mussel excluded from the low-shore by a
combination of wave exposure and interspecific competition with P. perna (Rius and
McQuaid 2006). Through its ability to preclude other species from occupying
primary rock space, M. galloprovincialis has also displaced native limpets. Through
this mechanism the abundance of the Granular Limpet Scutellastra granularis has
declined on bare rock but, interestingly, overall abundance has increased as
M. galloprovincialis shells offer a favourable recruitment substratum for juvenile
limpets (Hockey and van Erkom Schurink 1992; Branch et al. 2010). Thus, the mean
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Fig. 9.6 (a) Extensive beds of the Mediterranean mussel Mytilus galloprovincialis in False Bay.
(b) The density of the high-shore gastropod Afrolittorina knysnaensis is raised in areas invaded by
the Pacific barnacle Balanus glandula. The gastropods nestle between the barnacles in search of
shelter. (c) A washout of mussels in St Helena Bay along the west coast. The majority of mussels are
the alien Semimytilus algosus but native Choromytilus meridionalis are also present. (d) A granular
limpet Scutellastra granularis attempts to maintain open rock space despite inundation by
M. galloprovincialis recruits and settlement of B. glandula. Both alien species have even recruited
onto the limpets shell. Photographs courtesy of Tammy Robinson

size of this limpet has declined as the maximum size that individuals can reach is
now limited by the size of the mussel shell upon which they settle (Griffiths et al.
1992). While Scutellastra argenvillei has also been impacted by the
M. galloprovincialis invasion, the impact of the alien mussel on this limpet is
moderated by wave action (Steffani and Branch 2003). At high levels of wave action
the mussel has displaced the limpet, but at moderate wave exposures the limpet
persists and retains dominance of open rock. Maybe one of the most notable effects
of this invasive mussel has been its positive impact on the African Black Oyster-
catcher Haematopus moquini. Before the mussel invasion, the oystercatcher fed
predominantly on limpets and the native ribbed mussel Aulacomya atra, but following
invasion the birds were presented with an abundant new food source (Branch and
Steffani 2004). This resulted in increased breeding success and ultimately increased
population size of H. moquini along the west coast (Coleman and Hockey 2008). It is
notable that M. galloprovincialis is nearly free of internal parasites in South Africa,
unlike the endemic Perna perna, which has a 15-70% incidence of infection, slowing
growth, reducing body condition and even causing parasitic castration (Calvo-
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Ugarteburu and McQuaid 1998). This places P. perna at a disadvantage relative to the
alien. However, the external surfaces of M. galloprovincialis shells are heavily eroded
by endolithic lichens and cyanobacteria (Zardi et al. 2009), making them brittle and
fragile compared with the shells of the endemic Choromytilus meridionalis.

In 2009 a second alien mussel, S. algosus, was recorded in Elands Bay on the west
coast (de Greef et al. 2013). This invader has subsequently spread south and around
Cape Point, and now occurs throughout False Bay (TB Robinson pers. obs). Within
the intertidal zone, this South American mussel is dominant in the low-shore, espe-
cially under exposed conditions (Skein et al. 2018a). It does not extend as high on the
shore as M. galloprovincialis because of its relative intolerance of desiccation (Zee-
man 2016). Also in contrast to M. galloprovincialis, which is virtually absent from the
subtidal zone, S. algosus also occurs in large numbers in this habitat (Skein et al.
2018a). It appears to owe much of its success and rapid rates of spread to an
exceptionally high recruitment rate (Reaugh-Flower et al. 2011; Zeeman et al.
2018). Many of the impacts associated with S. algosus are similar to those of
M. galloprovincialis, as both species dominate previously open rocky surfaces. Nota-
bly, both species elevate the structural complexity of invaded rocky shores
(Sadchatheeswaran et al. 2015), ultimately elevating diversity and altering community
structure (Robinson et al. 2007b; Sadchatheeswaran et al. 2018). As they also form an
abundant prey resource, these alien mussels have also altered the foraging landscape of
native predators. While some, such as the whelk Trochia cingulata (Alexander et al.
2015) have incorporated the alien mussels into their diet, others such as the West Coast
Rock Lobster Jasus lalandii and the starfish Marthasterias africana (Skein et al.
2018b), have not. These findings have highlighted that native predators may not
necessarily regulate invasive prey, even when predators are known to be generalist
feeders. In fact, when predators preferentially feed on native species and avoid alien
prey, they may facilitate the invasion by removing native comparators that might have
offered resistance via inter-specific competition. It remains to be investigated if this
process will play out in relation to mussel invasions in South Africa.

Although first recognised as an invasive species in South Africa in 2007 (Simon-
Blecher et al. 2008), the barnacle B. glandula is likely to have been present along the
west coast since the mid-1990s (Laird and Griffiths 2008). Since its introduction, it
has become the dominant intertidal barnacle on the west coast at the expense of the
native barnacle Chthamalus dentatus (Laird and Griffiths 2008; Robinson et al.
2015). Balanus glandula now occurs on the south coast as far as Cape Hangklip (TB
Robinson pers. obs). Although not to the same extent as the invasive mussels, this
barnacle also elevates structural complexity on invaded shores (Sadchatheeswaran
et al. 2015). In particular the high-shore gastropod Afrolittorina knysnaensis benefits
from the presence of B. glandula (Laird and Griffiths 2008). The abundance of this
native species is raised by more than an order of magnitude as individuals nestle
between the barnacles, presumably gaining protection from wave action
(Sadchatheeswaran et al. 2015).

Together, these three alien intertidal species now dominate west coast rocky
shores. While M. galloprovincialis appears to have reached its maximum range on
the south coast (Assis et al. 2015), S. algosus and B. glandula have only recently
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spread into this region (Robinson et al. 2015; Skein et al. 2018a). Notably, laboratory
studies suggest that S. algosus will continue to spread along the south coast but that
M. galloprovincialis is likely to maintain dominance (Alexander et al. 2015). In
contrast, feeding experiments predict that B. glandula could hold an even greater
advantage on the south coast (Pope et al. 2016). While the extent to which the
S. algosus and B. glandula will continue to spread, and the impacts that will result,
remain to be seen, it is clear that together with M. galloprovincialis they have already
altered large stretches of the South African coast.

9.7 Conclusion

Substantial progress has been made in establishing the status and distribution of
marine alien species along the South African coast. As the number of alien taxa
continues to rise, the need to prevent incursions and manage problematic species is
becoming more pressing. In an country with limited biosecurity resources, it is vital
that research be strategically undertaken so as to support evidence-based manage-
ment that is both effective and efficient.
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Pathogens of Vertebrate Animals e
as Invasive Species: Insights from

South Africa

Lesley van Helden (®, Paul D. van Helden @), and Christina Meiring

Abstract The study of disease organisms as invasive alien species has not received
a great deal of attention in the field of invasion science. Introduced pathogens can
have profound effects on living organisms, the ecosystems that they inhabit, and the
economies that the ecosystems support. In this chapter, we use case studies of
introduced diseases of domestic and wild animals (canine rabies, bovine tuberculo-
sis, and rinderpest) and humans (smallpox, measles and human immunodeficiency
virus, HIV) to illustrate the kinds of effects that these pathogens can have. The most
dramatic impact to date was that of rinderpest, which caused the death of millions of
cattle, and practically annihilated certain forms of wildlife from large parts of
southern Africa. This in turn impacted severely on the region’s economy, and
resulted in large-scale changes to the structure and dynamics of ecosystems. Rin-
derpest has been eradicated globally, but both canine rabies and bovine tuberculosis
remain, and ongoing vigilance and management will be required to contain them. Of
the human diseases, smallpox has also been eradicated globally, but the effect of the
disease, introduced by European colonists, was devastating. In the early 1700s, a
large proportion (up to 90% in some communities) of the indigenous Khoekhoe
people died, destroying their culture and way of life, and leaving the few survivors to
be recruited as farm labourers. HIV, first detected in South Africa in 1982 has also
had substantial impacts and antiretroviral treatment alone currently costs the gov-
ernment ZAR 66.4 billion annually. We also include West Nile Virus and African
Swine Fever as examples of diseases that originated in Africa, and that may yet
become globally destructive. We predict that new diseases will emerge as humans
continue to expand their range into wild areas, and as trade volumes increase.
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10.1 Introduction

The fortunes of Homo sapiens, once a small insignificant population of a medium-
sized mammal, changed fundamentally with the domestication of animals and
cultivation of crops. These transitions kick-started massive population growth and
increased further spread of humans around the world (Bocquet-Appel 2011;
MacHugh et al. 2017). Human migration often went hand-in-hand with the migra-
tion of domesticated animals, and today it is estimated that there are globally
approximately 7 billion humans, a billion sheep, a billion pigs, more than a billion
cattle, 25 billion chickens, and millions of horses and donkeys (Wolfe et al. 2007;
Harari 2015). These animals have been selectively bred for traits that humans found
desirable e.g., milk, meat, eggs or wool production, for transport, and to serve as
draught animals. This approach has resulted in decreased genetic diversity across
these domestic species, which often leads to less resilience and greater vulnerability
to pathogens (Gunderson et al. 1995). In the context of what is discussed below, this
has enormous relevance to these species and others as hosts of infectious diseases.

A species is never introduced to a new area alone. They are in fact biological
packages, because many microbes and viruses inhabit the larger species that act as
their hosts. The movement of animals from place to place, therefore, implies the
movement of all microscopic passengers that they are hosting. Some of these
microbes are necessary for the survival of the animal; for instance, microorganisms
in the gut of ruminants allow their hosts to digest their cellulose-rich food, while
others are commensals or pathogens (Bergmann 2017).

The expansion of these populations has meant that the number of hosts for
diseases of these species and their relatives has expanded massively along with
exposure to new diseases from invasion of wildlands and subjugation of these for
anthropological use (Tilman and Lehman 2001). This has meant close contact
between humans, their domestic stock and wildlife (Acevedo-Whitehouse and
Duffus 2009). The interface between these is an ideal venue for transmission of
infectious diseases in many directions (Deem et al. 2001; Pearce-Duvet 2006). We
can envisage transmission from wildlife to livestock, or from stock to wildlife, or
humans to livestock (anthropozoonotic) and then wildlife, or vice versa, i.e. animals
to humans (zoonotic).

Since parasites generally cause harm to their hosts, the infectious diseases we
refer to here can for practical purposes be considered parasites. The effects of
parasites in an ecosystem are diverse, as described by Hatcher et al. (2012). The
most obvious effect is the direct harm caused by parasites to their hosts. Individual
hosts can be killed, or their ability to survive and reproduce otherwise directly
reduced, which in turn reduces population numbers. Individuals infected by a
parasite may also show a change in behaviour. A combination of these effects can
change the social structure and ecology of the affected population. A disease could
even cause the extinction of a particularly vulnerable species. Infectious disease has
been recorded as contributing to the demise of 4% of extinct species, and the
critically endangered status of 8% of species classified as such by the International
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Union for Conservation of Nature (IUCN). Significant impact on a species is more
likely when a pathogen is evolutionarily novel to a susceptible host species, which
most invasive diseases are. Indirect harm is also an important effect, as one host
species may act as a parasite reservoir for another more vulnerable species (Castro
and Bolker 2005; Gerber et al. 2005). A quarter of the IUCN’s “world’s worst”
invasive alien species are associated with the spread of wildlife diseases with
negative environmental effects (Hatcher et al. 2012). Conversely, when population
numbers of predators or competing species are reduced by parasites, it is to the
benefit of other species that can increase in number due to reduced pressure. A
combination of the above effects can subsequently cause vegetation and landscape
changes in an area invaded by a parasite. However, it is often extremely difficult to
predict or assess what damage is occurring. This is because the disease may be a
slowly progressing type, leaving the animal enough time to reproduce, so that
population effects may not manifest, or will manifest only over a long period. It is
clear, however, that the introduction of a parasite into an ecosystem can have wide-
ranging effects comparable to the introduction of any other invasive species.

South Africa is known for its unique biodiversity, and as one of the regions where
certain ecosystems and populations of wildlife species are conserved and protected.
Diversity itself can act as a buffer against threats such as infectious disease, although
there is also the potential for large-scale disease spread where swaths of similar
species exist together. It is therefore evident from the effects discussed above that
invasive diseases could have a major impact in our region. In fact, invasive diseases
have, as we will show, had a substantial impact on the ecology, economy and people
of South Africa. However, it is important not to lose sight of the fact that disease
knows no borders, and should ideally also be considered in a multiscale context.

The introduction of almost any pathogen into a previously naive ecosystem is
easily facilitated by the increasing trend of international and local human and animal
or animal product movement. The rate of spread for many pathogens would be
partially a function of this travel, and may be slow should travel or trade become
restricted in future. It is highly likely that many novel pathogens have been intro-
duced, even repeatedly, into South Africa, but did not invade. For a pathogen to
progress from introduction to epidemic, the right conditions must be present. Firstly,
susceptible host species must be present in the new ecosystem. Then, sufficient
quantities of the pathogen must be excreted by an infected host for a sufficient time,
and in an appropriate manner, to facilitate transmission to naive hosts. For this to
happen, there must be a large enough host population with adequate contact rates
between individuals. Further advantages are experienced by adaptable pathogens
that can evolve to infect multiple host species (Jones 2007).

A pathogen that successfully invades in a new geographic area may progress from
causing an outbreak to establishing itself permanently. In epidemiology, a disease
that is maintained in a certain population without needing to be re-introduced is
known as endemic (Centers for Disease Control and Prevention 2012). One may
assume that a high population of susceptible hosts and a high transmission rate
would increase the likelihood of an invasive disease becoming endemic. However,
highly virulent pathogens which produce many copies of themselves for
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transmission to new hosts tend to cause severe disease and kill their hosts quickly
(Jones 2007). Using the analogy of an uncontrolled wild-fire, large, rapid outbreaks
of these diseases consume all the available fuel and then die out. A disease is thus
more likely to become endemic if it can employ alternative transmission or patho-
physiological strategies. For instance, a chronic disease that can be transmitted by its
host for a long period before causing the host’s death may be able to infect the same
number of hosts as a highly virulent disease, by doing so over a longer time and
maintaining host population levels by causing fewer mortalities. This is not to say
that a highly virulent disease cannot become endemic, as this is possible if there are
barriers to rapid transmission of the disease. For instance, in arid habitats where there
is a lower density of susceptible hosts, rabies transmission is stalled and the infection
circulates at a very low level until a threshold is reached, either by an increase in
population size, or by an individual moving out of the area and taking the pathogen
to a new adjacent habitat with a large enough susceptible population (Swanepoel
1995). Other diseases may increase their likelihood of becoming endemic by
infecting an asymptomatic, reservoir species or by utilising an arthropod vector,
such as ticks or mosquitoes, for transmission.

While humans are most often directly or indirectly responsible for introducing
invasive diseases, they also have the unique power to prevent or limit invasion by
instituting control measures that could stop an outbreak from happening, stop the
spread of an outbreak, or stop a new disease from becoming endemic. The diseases
discussed in this chapter illustrate various combinations of the above concepts. Our
discussion is limited to pathogenic bacteria and viruses, as it is not possible to cover
the full range of potential pathogens. However, the reader should be aware that the
other microbes, such as protozoa, fungi and metazoa, are also extremely important.
In this chapter, we do not consider factors such as virulence and the interplay
between invasive and dangerous or pathogenic parasites compared to dangerous
but non-invasive agents, or invasive but not dangerous agents, since that would
require lengthy discourse on its own.

10.2 Animal Diseases

10.2.1 Canine Rabies

Rabies is a viral disease of mammals that is almost invariably fatal once clinical
signs become apparent (Franka and Rupprecht 2011). Transmission is through
infected body fluids introduced through a bite or contact with mucous membranes,
after which the virus spreads along the nervous system to the brain. As the disease
develops it causes brain inflammation, abnormal behaviour and ultimately death
through generalised muscle paralysis or seizures (Murphy 1977; Koyuncu et al.
2013).

Sporadic, unconfirmed cases of rabies in dogs were reported from South Africa
between 1772 and 1861, though several travellers during that time remarked that the
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disease seemed to be absent in dogs in South Africa (Swanepoel 1995). We believe
currently that this is due to a rabies biotype adapted to the Yellow Mongoose
(Cynictis penicillata) that has existed in South Africa since before written history.
Mongoose rabies was confirmed after years of anecdotal evidence when two children
were bitten by a Yellow Mongoose in 1928 and subsequently died of rabies
(Herzenberg 1928). Rabies was thereafter confirmed to be endemic in most of the
country, excluding the areas where Yellow Mongooses were not present. The virus is
maintained in the mongoose population, and occasionally affects other species of
animals that come into contact with a rabid mongoose, but has not shown itself
capable of establishing and maintaining itself in populations of other species
(Swanepoel 1995).

The first time canine rabies was confirmed in South Africa was during an
outbreak in Port Elizabeth in 1893; traced to an Airedale terrier imported from
England a year earlier (Hutcheon 1984) (Fig. 10.1). The outbreak was controlled
by killing stray dogs, and imposing restrictions on owned dogs to prevent biting,
after which there were no reports of rabies spreading further or of involvement of
wildlife species. Canine rabies did not feature again until it appeared in Namibia and
Botswana in the 1940s, after spreading southwards from Angola and Zambia
(Courtin et al. 2000). By 1950, it had spread into the then Northern Transvaal and
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Zimbabwe (Mansvelt 1956). Dog destruction and vaccination campaigns in
South Africa were unsuccessful in eradicating the disease and the virus established
itself in the local dog population, causing a low number of sporadic cases in dogs in
the years that followed. The infection also spilled over into Black-backed Jackals
(Canis mesomelas) and cattle in the area, resulting in attempts to control the disease
by poisoning 3900 jackals between 1951 and 1953 (Mansvelt 1956). There was
subsequently no evidence that the virus had become established in the wildlife
population. It is possible that this was because poisoning after the outbreak was
rapid enough to prevent establishment of the disease in the jackal population.

However, rabies was probably reintroduced near Messina (now Musina), causing
a large outbreak in the 1970s (Fig. 10.1). It was quickly realised that further attempts
to control the outbreak by poisoning of jackals were futile. Once rabies becomes
endemic in a population, culling strategies for control are unsuccessful, as popula-
tion numbers are able to increase too quickly after culling (Swanepoel 1995). The
focus on control was therefore shifted to the vaccination of dogs in the area, an
approach which has been used ever since considering that dog and jackal rabies
remains a problem in the area to this day. The virus spread to Mozambique by 1952
and from there to Swaziland, KwaZulu-Natal and the Eastern Cape. Sporadic cases
of rabies were seen in South African Bat-eared Foxes (Otocyon megalotis) from
1955, but case numbers rapidly increased in the 1970s when the virus apparently
spread to the Northern and Western Cape (Swanepoel 1995).

Molecular analysis of rabies viruses in South Africa shows that jackals and
bat-eared foxes have become maintenance hosts for their own biotypes of canid
rabies (Sabeta et al. 2007). Biotypes from dogs, jackals and bat-eared foxes are more
closely related to each other and to rabies biotypes from Europe than mongoose
rabies, which is distantly related to both the South African canine and European
biotypes (von Teichman et al. 1995; Coetzee and Nel 2007). This indicates that
jackal and bat-eared fox biotypes share a common lineage with introduced dog
rabies, while mongoose rabies evolved separately and is much older in South Africa.

Jackals and bat-eared foxes both have characteristics that have enabled the canid
rabies virus to establish itself in their populations. For instance, bat-eared foxes are
highly sociable, have overlapping territories and often share dens with other family
groups of bat-eared foxes and even other species. They live in close contact, sleeping
close together and often engaging in mutual grooming that involves licking of each
other’s faces (Nel 1993). Rabies is therefore transmitted easily by providing many
opportunities for bat-eared foxes to encounter other potentially rabid animals as well
as infect each other through contact with saliva. Rabies in South African wildlife
appears to be seasonal, based on increased contact between animals of the same
species in times of mating or dispersal of young animals to find their own territories
(Swanepoel 1995). However, other effects such as climate change and drought can
influence this. In the Swartland area of the Western Cape, bat-eared fox numbers
fluctuate vastly from year to year, with all bat-eared foxes in an area seeming to
suddenly disappear, only for the population to recover within a few years (J. van
Deventer, pers. comm. 2016). Whether or not these population crashes are caused by
rabies is unknown. However, this seems likely given that in areas in which the



10 Pathogens of Vertebrate Animals as Invasive Species: Insights from South Africa 255

disease has become endemic in South Africa, the observed pattern has been that of a
large initial outbreak, followed by a period of several years in which little disease is
observed. Once the susceptible population is restored in that area to a density that
facilitates disease transmission, secondary outbreaks of the disease are seen with this
cycle repeating every few years (Swanepoel 1995).

Infected wild carnivore populations can cause spillover of rabies into other
species. Sporadic cases are reported every year affecting several wildlife species in
South Africa, including grey duikers, aardwolfs, meerkats, polecats and Cape foxes
(Department of Agriculture, Forestry and Fisheries 2018) (Fig. 10.2). However, the
most dramatic example of a rabies outbreak in a wildlife population occurred in the
1970s in Namibia. An increase in jackal rabies was noticed shortly before a large-
scale outbreak of rabies caused the deaths of 30-50,000 Tragelaphus strepsiceros
(Greater Kudu), approximately 20% of the kudu population at the time, over the next
few years. When isolated and sequenced, the virus was found to be a jackal biotype
(Mansfield et al. 2006), but had apparently developed the ability to be transmitted
horizontally between kudu (Scott et al. 2013). At the time of the outbreak, there were
unusually large numbers of kudu in Namibia, since they were highly prized for
hunting and, as a result, many game farmers had increased their numbers by
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controlling their natural predators. In addition, overgrazing by domestic livestock
combined with above-average rainfall had resulted in severe bush encroachment that
favoured kudu, as they are browsers. Water provision in the form of windmills and
farm dams in a traditionally arid country where water is limited are also important in
kudu population dynamics and dispersal. Kudu are social animals, often browsing
close together, grooming each other and grouping together and dispersing with the
seasons. A rabid kudu produces large quantities of saliva, and due to their habits of
feeding from thorn trees, kudu often have injuries in their mouths: an easy route of
entry for the rabies virus. The combination of these factors resulted in rabies causing
very high mortalities in the kudu population. Several smaller outbreaks of rabies in
Namibian kudu have occurred in the years following the initial large outbreak.
Molecular analysis of these rabies viruses shows that kudu are capable of
maintaining epidemiological cycles of rabies within their species; this is an interest-
ing example of how a pathogen adapts to and becomes endemic in a population
(Mansfield et al. 2006).

The high burden of rabies virus during the outbreak in kudu resulted in spillover
of rabies back to carnivores, including bat-eared foxes, jackals and lions in Etosha
National Park in Namibia (Berry 1993). Large carnivores in Hwange and Kruger
National Park in Zimbabwe and South Africa, respectively, have never been affected
by rabies in the same manner when outbreaks occurred adjacent to these parks. A
possible explanation for this is the higher carnivore species diversity in the latter two
parks, which prevents the population of any one carnivore species from becoming
particularly high. Due to its arid environment, Etosha National Park has a lower
species diversity and therefore less intraspecific competition, which may facilitate
rabies spread within infected species (Foggin 1988; Swanepoel 1995).

Rabies spillover in South Africa has also added a significant threat to an already
endangered species. The IUCN estimates the total worldwide population of African
Wild Dogs (Lycaon pictus) to be 6600 adults, and declining (Woodroffe and Sillero-
Zubiri 2012). Current threats to wild dogs include habitat fragmentation and subse-
quent competition with other predators and conflict with humans (Woodroffe and
Sillero-Zubiri 2012). In 1997, just 2 years after their reintroduction into the area, an
outbreak of canid-biotype rabies decimated a pack of African wild dogs in Madikwe
Game Reserve. Of the pack of 27, only three survived (Hofmeyr et al. 2000). A
second outbreak in 2000 killed 10 of 12 pups, but the five adults in the pack survived
thanks to individual rabies vaccination that had been given to the wild dogs in the
park after the first outbreak (Hofmeyr et al. 2004). Similarly, in the Bale Mountains
of Ethiopia, the endangered Canis simensis (Ethiopian Wolf) is under severe threat
from rabies circulating in sympatric domestic dogs (Randall et al. 2004; Aguirre
2009).

The example of rabies in South Africa shows how a new strain of a previously
existing disease can have radically different effects when introduced to a new area
with a diverse potential host spectrum. It also shows that for a disease to become
established and invasive requires more than just introduction, especially if control
measures are used. In the case of rabies, repeated introductions were required before
the disease established itself in wild South African canids and became endemic. This
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process is still happening, as repeated contacts with a new species may be leading to
the virus establishing itself in new maintenance hosts, as was seen in the Namibian
kudu. Rabies spillover to vulnerable populations, such as those of lions and African
wild dogs, provides a good example of indirect species competition by one species
acting as a disease reservoir for another. Lastly, rabies provides an example of the
indirect damage to wildlife by the previous control measures implemented by
humans to control the disease.

10.2.2 Bovine Tuberculosis

Bovine tuberculosis (BTB) caused by Mycobacterium bovis, has existed in European
cattle for centuries. It is a chronic, slow-progressing disease that can affect most
mammals, causing emaciation and eventual death (Morris et al. 1994; Rodwell et al.
2001a; De Vos et al. 2001). Transmission between individuals occurs as a result of
contact with infected body fluids, usually through aerosol inhalation. It spread from
the Netherlands and the UK to many parts of the world that were colonised,
including South Africa, to which European breeds of cattle were brought in the
late eighteenth century (Huchzermeyer et al. 1994). BTB was first recorded in cattle
in South Africa in 1880 (Hutcheon 1880) and has existed ever since in livestock at a
prevalence kept low by state testing and eradication schemes. Sporadic cases of BTB
in wildlife were recorded since 1928 (Renwick et al. 2007), but the disease did not
appear to be established in any wildlife populations until it was detected in Syncerus
caffer (African Buffalo) in Hluhluwe-iMfolozi Park (HiP) in 1986 (Michel et al.
2006) and the southern part of Kruger National Park (KNP) in 1990 (Bengis et al.
1996; de Garine-Wichatitsky et al. 2010; DAFF 2013). In both cases, the source of
infection is believed to be from the interaction between buffalo and infected cattle
surrounding the parks. In the 1950s and 1960s, buffalo were frequently observed
grazing together with cattle adjacent to the KNP, and at least two cattle farms in the
area were confirmed to be infected with BTB (Renwick et al. 2007). In addition, at
that time several cattle on these farms died of Corridor disease (Theileriosis) which is
a buffalo-associated disease, illustrating contact between these species. The infection
of buffalo is therefore believed to have occurred at this time.

BTB has since been detected in buffalo herds throughout the KNP, and buffalo
are recognised as the primary maintenance host of the disease in this ecosystem.
Other wildlife species such as Greater Kudu (Fig. 10.3), Warthogs, Cheetahs,
Leopards, Black and White Rhinoceros, Chacma Baboons and Lions have all been
diagnosed with clinical BTB (Renwick et al. 2007; Miller et al. 2017) with specu-
lation that kudu, lions and warthogs have the potential to be maintenance hosts of the
disease as well. As in the case of rabies, the social nature of certain species facilitates
establishment and transmission of BTB in a population due to close contact. Because
BTB is a chronic disease, infected animals have the potential to remain in their herds
for months to years and infect others for long periods before succumbing to the
disease. Social support systems also enable sick animals to survive for longer and
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Fig. 10.3 Free ranging kudu in the staff village, Skukuza, Kruger National Park, with clear signs of
bovine TB, namely poor body condition and enlarged lymph nodes in angle of jaw. Photograph
courtesy of M. Miller

thus have more opportunities to infect others. For instance, sick lions may be unable
to hunt for themselves, but are provided with food by their pride members, who may
become infected through prolonged contact (Renwick et al. 2007).

Infection with BTB causes loss of body condition, decreased fertility and respi-
ratory issues. However, because of the slow progressing nature of the infection, the
effects in wildlife populations are difficult to observe and currently remain unknown.
Studies in the 1990s in KNP buffalo found that younger individuals were over-
represented in BTB-infected herds, possibly due to an increased mortality rate in
older buffalo, but that there was no difference in numbers of pregnant and lactating
females in infected vs. uninfected herds (Rodwell et al. 2001b). However, a later
study showed the opposite effect, with infected herds having decreased body
condition and an apparently decreased calf survival rate (Caron et al. 2003). Studies
of infected buffalo in the HiP showed a reduced population growth and adult
survival rate (Jolles et al. 2005). As BTB does not exist in a vacuum, these effects
are confounded by concurrent factors that may have an effect on populations, such as
drought and other diseases (Michel et al. 2006).

BTB-infected animals suffering from clinical disease are more likely to be killed
by predators, providing a means of transmission up the food chain. BTB was first
detected in lions in the KNP in 1996, presumably infected by eating infected buffalo
meat or inhaling infected body fluids while doing so (Keet et al. 1996). BTB appears
to have a destabilising effect on lion prides, as the deaths of dominant animals render
the pride vulnerable to attack or takeover from other neighbouring prides. Infected
lion populations were observed to have distorted age and sex ratios, with higher
mortality among older and adult lions, and a male to female ratio four times higher
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than normal (Keet et al. 2000). Although it is clear that BTB has caused lion
mortality in KNP (Michel et al. 2006), which would suggest a projected decrease
in population (Keet et al. 2009), others assert that at a population level this is unlikely
(Ferreira and Funston 2010; Kosmala et al. 2016). However, since lions are already
facing threats posed by habitat loss, poaching and feline immunodeficiency virus
(Renwick et al. 2007), the cumulative effect these factors plus BTB on their
population has the potential to be devastating. The global lion population has
decreased by 43% over the last three generations. Lion populations in southern
Africa are the most stable, and it is the only remaining area where lions are not
persecuted to the extent of being classified as endangered by the [UCN (Bauer et al.
2016). The health of lions in southern Africa may therefore be important for
preserving their species in the wild.

Control of BTB once it is established in wildlife populations is challenging, but a
reduction in disease prevalence has been seen in HiP after the use of an intensive
programme to test buffalo and cull those that test positive (Renwick et al. 2007;
Cooper 2012). While this approach is of benefit to the population within HiP, it is
still an infected population and there are therefore restrictions on translocations of
animals out of the park. This disrupts programmes which aim to increase genetic
diversity of wildlife species by moving animals between isolated conservation areas.
There is currently no effective vaccine to combat tuberculosis either in animals or
humans.

A voluntary testing programme exists for cattle herds in South Africa, so erad-
icating BTB in cattle is probably unlikely. African Buffalo in the country have to be
tested before each translocation, to try and keep BTB out of other parks, but
warthogs and Greater Kudu can travel long distance and spread over the country if
they wish, therefore are problematic species if they are maintenance hosts.

Although infection of South African wildlife was originally caused by cattle,
BTB-infected wildlife now pose a risk to domestic livestock. The existence of the
disease in wildlife could, therefore, cause conservation efforts to be viewed nega-
tively by livestock owners living close to conservation areas. Ecotourism could also
be negatively affected by the influence of the disease on wildlife populations, or by
perceptions of tourists when encountering diseased animals. Furthermore, conser-
vation resources are extremely limited and can be allocated to disease control only
when captured animals are earmarked for movement to a new area.

BTB is an example of an invasive disease whose effects in wildlife systems are, as
yet, unclear. However, that changes in the population structure of some species
within an ecosystem harbouring BTB will occur, seems likely. In the case of
domestic stock, however, there are many consequences of disease, amongst which
are economic costs to owners.
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10.2.3 Rinderpest

Perhaps the most dramatic example of an invasive animal disease was rinderpest.
This virus, which expanded its reach to affect the globe, is now distinguished as the
second infectious disease to be globally eradicated (the first being smallpox, see
below) (World Organisation for Animal Health 2011; Roeder 2011; Roeder et al.
2013). It is a classic example of an introduced disease with devastating conse-
quences. However, due to rapid transmission through a susceptible population
with near 100% fatality, it did not become endemic in South Africa. It was known
in Roman times as a pestilence of cattle and other ruminants (Barrett and Rossiter
1999). It is caused by a morbillivirus, and its precursor most likely gave rise also to
the human disease, measles (Haas and Barrett 1996; Pearce-Duvet 2006). Introduced
from Asia in the mid 1800s, rinderpest killed hundreds of millions of cattle in Europe
(Roeder 2011), making it a dreaded disease. It causes erosions in the gastro-intestinal
tract, resulting in severe diarrhoea and death from dehydration (Rossiter 1995).
Rinderpest was detected for the first time in South Africa in the Groot Marico
district in 1896 (Vogel and Heyne 1996) (Fig. 10.4). This was not entirely unex-
pected, since its steady move southwards in Africa during the previous decade had
been noted. It had most likely entered Africa with cattle imported from Russia or
India in 1889 to feed Italian troops in Ethiopia and Eritrea. By 1896 it had reached
the Zambezi, and in March of that year South Africa was notified that it had reached
Bulawayo. Despite clearing a 3-mile strip of land, the disease crossed the border and
continued its southward march until it crossed the Orange River. Various expensive

Fig. 10.4 Cattle deaths from rinderpest in 1896 in South Africa. Photograph courtesy of Wikipedia
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infrastructure was erected (including fences and double fences), and strict movement
controls were imposed, but these failed to contain the spread. By the time it reached
southern Zimbabwe, it had laid waste to cattle populations in those countries. The
Ndebele people of southern Zimbabwe held the colonists responsible for the disease
outbreak which deprived them of their cattle, and 244 Europeans were killed partly
in retaliation. Transport of goods almost ceased, because no oxen were available to
pull wagons and horse sickness limited equine use. The effect of rinderpest invasion
was so rapid and dramatic that transport routes were littered with abandoned wagons
filled with goods (Vogel and Heyne 1996). An estimate of 2.5 million cattle deaths
alone in southern Africa has been made and in some districts only 3-7% of the
original cattle population remained. No accurate estimates of mortality in wild
animals can be made, but clearly informal reports suggest that mortality must have
been similar in wild mammals. Evidence for this is that the ecosystem was altered,
with tall rank grass unsuitable for small stock and the disappearance of tsetse flies
from former habitat owing to the lack of suitable wildlife species. To this day, tsetse
flies are still absent from KNP. We do not know in what other ways contemporary
ecosystems in the KNP were affected by rinderpest: some have suggested that the
tree/grass community changed dramatically, and that tree diversity changed dramat-
ically. For example, many large trees in KNP today are around 100 years old. In
other words, they had opportunity to germinate and grow with no browsing pressure
until they reached a large enough size to survive. There are suggestions that the same
species are not represented in similar numbers of a younger age cohort (personal
observation and discussion with local individuals). This is an area ripe for research
and consideration.

Such ecosystem effects were seen in the Serengeti National Park (Holdo et al.
2009) when historical data were examined for evidence of the associations between
fire, rainfall, atmospheric CO,, elephants and wildebeest on tree density. When
wildebeest numbers rose after the eradication of rinderpest in the 1960s, grazing
increased dramatically. Modelling of the available data suggested that the lower fuel
load from more intense grazing before the rinderpest era resulted in fewer fires,
which in turn resulted in more trees (Holdo et al. 2009). Likewise, it has been shown
that herbivory and fire are competitive major drivers of vegetation dynamics in the
Kruger Park savanna system, and that herbivory affects fire which in turn leads to
changes in biodiversity (Smit and Archibald 2019). In effect, reduction in herbivory
would have resulted in more grass, more fires and more intense fires with consequent
changes in the ecosystem.

The effect of rinderpest on human populations was severe: farmers and commu-
nities not served by railway became isolated. Many rural people faced starvation and
families became bankrupt. Famine broke out because crop production became
almost impossible. There was mass migration to work on the mines in Johannesburg
and Kimberley, leading to the development of the first slums in South Africa, and
many political issues that persist today. Although the estimated direct financial loss
of this epidemic was about ZAR 1.6 billion (adjusted to July 2018 value), the
indirect costs would have exceeded that sum, particularly when we consider that
South Africa has been irreversibly shaped by some of the consequences of this



262 L. van Helden et al.

epidemic. The last rinderpest death in South Africa was in 1903 (Vogel and Heyne
1996). Fortunately, the disease is tractable to vaccination, and large-scale consistent
vaccination and surveillance campaigns led to a reduction in disease occurrence and
finally in 2011 rinderpest was officially declared eradicated globally. A key compo-
nent of this campaign was perhaps counter-intuitively the decision to stop wide-scale
vaccination once a few disease pockets were left in order to detect outbreaks of the
disease more easily (de Swart et al. 2012). Cattle in such pockets were then either
vaccinated or culled. The success of this campaign essentially relates to the removal
of a supply of accessible and susceptible hosts which can act as transmission sources.

10.3 Human Diseases

Whilst humans are often the source or cause of invasive diseases, they can also be
their victims. Both rabies and BTB are zoonotic diseases (i.e. infectious diseases that
can be transmitted between animals and humans), which can cause severe illness and
fatalities in people in the same manner that they do in other mammal species.
South African history has also been shaped by outbreaks of human diseases that
have made an indelible mark on society.

10.3.1 Smallpox

Smallpox was a global scourge and was most likely introduced to South Africa by
early travellers and settlers from Europe. Devastation of indigenous people followed.
As for rinderpest and measles, a very effective vaccine is available, and concerted
efforts led to the global eradication of smallpox in 1980, the first infectious disease to
be formally declared as eradicated (Breman and Arita 1980; Strassburg 1982).
Smallpox was an ailment unfamiliar to the indigenous people of the Cape when
European settlers first arrived. Several Khoekhoe leaders in a statement to the
governor of the Cape in 1678 stated that “no particularly severe sicknesses are
known among them, and Death usually contents himself with old worn out people.”
Unfortunately, this meant that these indigenous people had no acquired immunity to
diseases brought to their shores by immigrants. Reports of large outbreaks of disease
among the Khoekhoe were recorded beginning in the second half of the seventeenth
century, causing many deaths and causing the affected groups to move from place to
place, attempting unsuccessfully to flee the disease (Moodie and Smith 1960). The
largest outbreak of smallpox came in 1713, and it proved to be disastrous for the
Khoekhoe people who had already suffered disease outbreaks, as well as having had
their community and social structures disrupted by colonists (Phillips 2012). A large
percentage of the population of Khoekhoe died within 6 months of the beginning of
the outbreak, with some groups reporting mortalities of up to 90% (Ross 1977).
Abandoned settlements and livestock occurred wherever the outbreak had struck.
Subsequent outbreaks in the eighteenth century penetrated further into the interior,
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causing high mortalities as far as the Transkei and Transgariep. Land was vacated,
allowing settlers to occupy more of the country, while political and social structures
disintegrated in the face of deaths of community leaders, large proportions of the
population and almost entire generations of children. The scattered survivors were
recruited as farm labourers. The use of smallpox vaccine at the beginning of the
nineteenth century put a stop to outbreaks of the disease in South Africa, but it was
too late for the indigenous way of life of the Khoekhoe, whose society had collapsed
and many had now transitioned into being permanent farm labourers (Phillips 2012).

10.3.2 Measles

The measles and rinderpest viruses share a common ancestor, but whereas rinderpest
evolved to specialise in ruminants, measles evolved to specialise in humans. Thus
we consider that measles most likely evolved where humans and cattle were in close
contact, and the first good records of measles outbreaks date from the eleventh or
twelfth centuries. It is likely that at this time, the virus could switch hosts (Furuse
et al. 2010). During the Middle Ages, measles became established as an endemic
disease throughout the Middle East, North Africa and the Old World.

Spanish explorers took measles and smallpox to the New World, where they
caused devastating epidemics in the early sixteenth century. Smallpox was evident in
Mexico in 1515 and among the Incas by 1524. Measles probably appeared later, in
1529 (Retief and Cilliers 2010). Indigenous people in South Africa were similarly
dramatically affected by measles. It is not possible to estimate what proportion of the
population died from measles as opposed to other causes, but whole clans would
disappear. The concentration camps established during the South African War
(1898-1902), where large numbers of people were clustered together under poor
living conditions, also gave impetus to measles-driven mortality and spread, partic-
ularly since most individuals were malnourished and stressed and exposed to many
bacterial pathogens which may have rendered them hyper-susceptible (Shanks et al.
2014). Similar to rinderpest, the measles virus has spread globally and is tractable
to vaccination. Unlike rinderpest, it is not yet eradicated, and the World Health
Organization estimates that currently 400 children die per day from measles, and
rather unexpectedly there is currently a growing epidemic, even in Europe (World
Health Organization 2016). The development and worldwide deployment of an
effective vaccine quickly led to a decline in measles cases (Greenwood 2014).
Despite encouragement and provision of free wide-scale vaccination of newborns
using a highly effective Measles, Mumps, and Rubella vaccine, not every
South African infant, like those in many countries, is vaccinated (Ntshoe et al.
2013). There are various reasons for this, including poor access to health care for
some individuals, and refusal to vaccinate in the case of others (Kagoné et al. 2017).
This means that South Africa, like many other countries, has a population of
susceptible individuals to continue hosting the disease, so we have a small number
of active cases every year, with occasional outbreaks. Under these conditions, local
and global eradication will be impossible. Essentially, the key difference between
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the eradication of rinderpest and measles is that humans can move freely, and cannot
be forced to vaccinate or be culled.

10.3.3 Human Immunodeficiency Virus

The successes with the viruses discussed above, utilising large-scale campaigns to
control and vaccinate, could suggest that similar success with human immunodefi-
ciency virus (HIV) would be possible. This may yet be the case, but as of 2019 we
have no successful HIV vaccine or cure, which gives rise to the problem we have
today with this infectious agent. HIV is an example of an invasive disease that has
become endemic, thanks to the long incubation period and social factors aiding its
transmission.

This virus, finding itself at home in humans, has invaded the globe and in
particular, South Africa, spectacularly. The virus is thought to have been a zoonotic
pathogen that jumped to humans when humans had close contact with simians in
West or Central Africa, possibly through consumption of bushmeat (Peeters et al.
2002). The dates of this or these events are disputed, but may be as early (or late,
depending on one’s perspective) as the early 1900s or even earlier. It first gained
serious attention as an unusual health problem of unknown etiology in the early
1980s amongst the gay and drug-using communities in the USA (Luce 2013). It was
first detected in South Africa in 1982 (Gilbert and Walker 2002). The causative virus
was first isolated in 1983 (Barré-Sinoussi et al. 1983; Weiss 2003). The conse-
quences of failure to contain this virus are very evident. UNAIDS estimates that
South Africa has approximately 270,000 new HIV infections and 110,000 deaths
every year (UNAIDS 2016).

The march of HIV through the South African human population, and the politics
surrounding it, have received unprecedented media attention. Part of the reason for
this is that HIV infection is currently irreversible and incurable (Humphry 1993). We
now have drug cocktails that can halt the progression of the disease, but not cure
it. The cost to the country is extraordinarily high. In 2016, UNAIDS estimated that
there are 7.1 million people living with HIV in South Africa. Approximately 56% of
the infected persons receive antiretroviral treatment at a direct cost of over ZAR 66.4
billion per annum. Given our total National Department of Health budget of ZAR
205.4 billion, it can be seen that just this one single infectious agent has been an
incredibly successful invader and now costs us a disproportionate amount of our
health budget, which in turn is 13.9% of total government spend (South African
National Department of Health 2018).

A further problem with HIV is the enhanced susceptibility to tuberculosis (TB)
of HIV-positive individuals (Corbett et al. 2003). The ingress of HIV into
South African society and rapid rise of prevalence, led to a parallel rise in human
TB (caused by Mycobacterium tuberculosis) incidence and prevalence in
South Africa, placing a double burden on the health care system. TB is also more
difficult to diagnose in HIV-positive individuals (Aaron et al. 2004), further com-
plicating the problem.
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10.4 Infectious Agents That Have Moved Out of Africa

Although this chapter discusses species introduced into southern Africa, pathogens
are also introduced from southern Africa to other regions (see also Pysek et al. 2020,
Chap. 26; Measey et al. 2020, Chap. 27, for a discussion of South African species
that have become invasive elsewhere). Two examples are discussed below.

10.4.1 West Nile Virus

West Nile Virus infection is caused by a mosquito-borne Flavivirus, which origi-
nated in Africa. A mosquito-bird cycle is the maintenance mechanism, and birds are
considered to be amplifying hosts for the virus. This disease subsequently spread to
the Middle East and then into Europe where it continues to cause sporadic outbreaks.
However, the most dramatic course of events occurred when this virus was intro-
duced into the United States of America in 1999. It is thought to have arrived with an
infected mosquito by aircraft or ship, and was first seen in New York, when many
birds began dying quite dramatically, some dropping out of the sky. This was
followed within a few years by an unprecedented and well-documented spread
right across continental North America, killing millions of birds and also affecting
thousands of horses and many humans. Although 80% of infections in humans are
sub-clinical, symptomatic infections range from a self-limiting fever to severe
neurological disease with long-term sequelae and death (Suthar et al. 2013). The
2002 and 2003, West Nile Virus epidemics were the largest recognised arbovirus
meningo-encephalitis epidemics in the western hemisphere, with more than
500 human deaths (Sejvar 2003). During these 2 years, a total of 13,278 human
cases were reported in the USA, with a mortality rate of between 3 and 7% (Bengis
et al. 2004). Many infected horses also died of neurological disease. Clinical disease
and deaths were also recorded in 155 resident avian species.

This disease has now become endemic in North America, with focal outbreaks in
birds, humans and horses occurring annually. West Nile Virus infection in the USA
is a classic example of an alien vector-borne infection being introduced into a naive
ecosystem.

10.4.2 African Swine Fever

In the natural African environment, the African Swine Fever (ASF) virus circulates
between soft ticks (tampans) and wild African suids such as warthogs and bush pigs,
which become sub-clinically infected. However, in domestic swine, ASF infection
becomes directly contagious and causes a severe, usually fatal, haemorrhagic dis-
ease. In the African context, ASF presents a severe limitation to commercial pig
farming in areas where tampans and native wild porcines co-occur. African Swine
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Fever is caused by a monotypic Asfar virus, and until recently its distribution has
been limited to sub-Saharan Africa, with occasional excursions into Spain and
Sardinia. In 2007, ASF was introduced to the eastern European country of Georgia,
in swill originating from a ship that had arrived from Mozambique (Rowlands et al.
2008). From Georgia, the disease spread northwards to Belarus, Ukraine, and
western Russia, affecting both wild boars and domestic pigs. In 2014, the disease
spread into Lithuania, and from there onto Latvia, Estonia and Poland (Smietanka
et al. 2016). The disease appears to be spread by wild boars, but the movement of
carcasses and domestic pig products also appears to play an important role. The ASF
virus is an extremely robust virus that can survive prolonged periods outside a host,
and survive indefinitely in frozen pig products. It only affects pigs, and may result in
>90% mortality and there is currently no treatment or effective vaccine (Penrith
et al. 2004). The only control options available are to control the movement of pigs
and pig products, and slaughter infected herds, followed by burying or incinerating
infected carcasses. The disease has now spread to Romania, the Czech Republic and
Luxembourg, bringing it ever closer to the major pig-producing countries of Ger-
many, Holland and Denmark (OIE 2018). This is of grave concern to the EU and the
pig producers in those countries. What is even concerning is that the disease has now
entered China from the north, and outbreaks have been reported in 21 locations in
China. China is the biggest producer of pigs in the world, and pork is a staple protein
across the whole of Southeast Asia. We are thus now faced with an alien viral
infection which has spread through several naive ecosystems and is having profound
effects on wildlife (wild boar) and the domestic pig industry. There is every reason to
believe this pandemic could have catastrophic outcomes, similar to the rinderpest
outbreaks of the eighteenth, nineteenth and early twentieth centuries.

10.5 The Future

There is little doubt that as humans continue to expand their range into wild areas,
new diseases will emerge and jump the species barrier to affect novel hosts.
Examples of this are the haemorrhagic fevers such as Ebola, where frequent out-
breaks have been recorded in Africa. In many cases, these risks will come from
disrupted territories and more contact with animal species such as, but not limited to,
bats (Marsh and Wang 2012) and rodents. Zoonotic disease is particularly likely
from such activities and it is estimated that most infectious diseases that have
emerged in the last 6 decades originated in wildlife (FAO 2013). The ubiquitous
and diverse nature of influenza viruses suggests almost certain outbreaks of such
pandemics in future, whether swine, avian or of the human variety.

Many diseases will arise from direct contact, but some will be driven by vectors
such as mosquitos (Farajollahi et al. 2011) or ticks. Climate change is likely to allow
expansion of vector areas, allowing potential for spread of diseases that previously
could not be spread. There is a discrepancy in the way we look at diseases versus
climate change. While climate change is studied at a global level, diseases are
usually considered at a local or ecosystem level. Such thinking goes hand-in-hand
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with fragmentation of landscape, a risk factor for disease outbreaks, although in the
context of disease, we would venture to say we have little understanding of the
effects of landscape heterogeneity and general principles of invasion ecology (FAO
2013; White et al. 2018). This is unfortunate, since climate change and landscape
heterogeneity can have a vast impact on the epidemiology of disease. Increased
temperatures may cause an increase, or even possibly a decrease in some cases, in
the number of diseases and an expansion in range of vectors and pathogens, while
indirectly, land use and biodiversity are changed by the changing climatic condi-
tions. Recently there has been an expansion in cases of diseases such as Zika,
dengue, and yellow fever, which is a movement of these agents from wild to more
urban environments (Ali et al. 2017; Hamrick et al. 2017). Some disease agents that
are vector-borne develop faster within the mosquito at higher temperatures. In the
host, increases in temperature cause a higher degree of physiological stress, decreas-
ing immunity and therefore increasing the risk of disease. Additionally, a drying
climate causes more farmers to switch to irrigating their crops, creating new habitats
for vectors in previously unsuitable areas. Health professionals should, therefore, be
aware of the effects of climate change in their areas and the previously undetected
diseases that may emerge as a result. Climate change may facilitate range expansion
within a country or expansion into a new country. This can be driven by the
increased movement of people and their animals because of political and climate
change, which is a threat for introduction of new diseases (Vorou et al. 2007). The
watch—word here is geopolitical instability.

An example of a viral disease that poses a likely threat to South Africa is peste des
petits ruminants (PPR) (Baazizi et al. 2017), which has been expanding its geo-
graphic range since it was identified in West Africa in the 1940s (Gargadennec and
Lalanne 1942) (Fig. 10.5). It is currently the focus of a global eradication strategy.
PPR resembles rinderpest, but infects sheep and goats instead of cattle, causing
damage to the respiratory and gastro-intestinal mucosa and resulting in up to 90%
mortality from diarrhoea and dehydration or secondary bacterial pneumonia (FAO
2015). The effect of PPR on wildlife, particularly smaller ruminants, is currently
unclear. PPR has resulted in high mortalities in Asian wildlife, including Ovis
orientalis (Wild Sheep), Capra aegagrus (Goat) and Gazella subgutturosa (Black-
tailed Gazelle) in Iran (Marashi et al. 2017) and several wildlife species kept in
captivity (Munir 2014). Should PPR successfully invade South Africa, the possibil-
ity exists that it could cause a wide-scale outbreak affecting either or both domestic
livestock and wildlife. It is also possible that the disease could establish itself in a
wildlife reservoir, from where it could repeatedly spill over to domestic livestock,
although this situation has not been observed in infected countries. The threat of PPR
is exacerbated by climate change. As regions become drier, farming practices move
from the keeping of cattle to sheep and goats, which are more adaptable in drought
situations (Rust and Rust 2013). PPR, therefore, has a higher population of suscep-
tible hosts available, and can have a more substantial impact on animal populations
and food security in regions which are already experiencing climate change or
ecosystem damage. Vaccines are being developed and will hopefully be effective
against this problem.
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Fig. 10.5 The status of peste des petits ruminants (PPR) in livestock in African countries at the end
of 2017. Data obtained from the World Organisation for Animal Health (2018)

To address the problems of old and new or emerging disease, research and
development is needed to produce good diagnostics and vaccines for multiple
species. Such diagnostics must be of high sensitivity and specificity. It is essential
that policies are developed to interpret diagnostic results from surveillance as a
function of sensitivity and specificity of diagnostic tests, since interpretation can be
different in high or low-incidence areas. Restricting the movement of animals to
control disease has been used for over a century or more and can be highly effective
in some cases, such as limiting the range expansion of foot and mouth disease in
bovids, and restricting expansion of African horse sickness in the Western Cape.
Movement control is unfortunately not always possible: for example, it is likely to be
impossible to deal easily with disease carried by bats or migratory birds, but in many
cases, control in the case of short distance dispersal is possible.

Where possible, vaccination can be highly effective, as it was in the successful
eradication of smallpox and rinderpest, for example. However, vaccination can
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sometimes affect diagnostic tests, making disease control difficult. Prevention at
each step i.e. entry, transmission and establishment should be done. Early detection
and surveillance with a contingency plan to control or eliminate the disease as
quickly as possible is necessary.

Eradication is possible in some cases (examples given earlier) but it takes a long
time, is difficult and costly, and therefore control is the aim of most disease-related
interventions. Cost should not, however, be the main consideration for attempting
control (Thompson 2014). We should try to ensure that the benefits of control will
outweigh costs, bearing in mind that if eradication is impossible, control may be
required indefinitely. To eradicate any disease, the cost rises as the incidence drops.

One should not lose sight of the fact that infectious disease is likely here to stay.
Disease is also a “population control” and evolutionary driver. It is not only the
disease agents that evolve over time, generating new strains, but the hosts also
evolve to try to cope with infection. Thus, we see huge diversity in mammalian
immune systems, for example. This means that a new disease in a naive population
may have an initially devastating effect, but over time this can settle to an equilib-
rium. An example of this is foot and mouth disease, which African buffalo harbour
with few serious consequences. However, domestic cattle are affected negatively
by foot and mouth disease.

Finally, although diseases are unlikely to cause extinctions in populations of
relatively common wild animal species, they can severely affect endangered species
with low populations, and that are already facing numerous other threats, and in such
cases diseases could be the final factor that results in extinction.
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Chapter 11 ®)
Biological Invasions in South Africa’s s
Urban Ecosystems: Patterns, Processes,
Impacts, and Management

Luke J. Potgieter @, Errol Douwes @), Mirijam Gaertner @),
John Measey @), Trudy Paap (®, and David M. Richardson

Abstract As in other parts of the world, urban ecosystems in South Africa have
large numbers of alien species, many of which are invasive. Whereas invasions in
South Africa’s natural systems are strongly structured by biotic and abiotic features
of the region’s biomes, the imprint of these features is much less marked in urban
ecosystems that exist as islands of human-dominated and highly modified habitat.
Surprisingly little work has been done to document how invasive species spread in
South African urban ecosystems, affect biodiversity, ecosystem services and human
well-being, or to document the human perceptions of alien and invasive species, and
the challenges associated with managing invasions in cities. This chapter reviews the
current knowledge of patterns, processes, impacts and management of invasions in
South African urban ecosystems. It highlights unique aspects of invasion dynamics
in South African urban ecosystems, and identifies priorities for research, and key
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challenges for management. South African towns and cities share invasive species
from all taxonomic groups with many cities around the world, showing that general
features common to urban environments are key drivers of these invasions. There
are, however, several unique biological invasions in some South African urban
settings. The pattern of urbanisation in South Africa is also unique in that the imprint
of Apartheid-era spatial planning is striking in almost all towns and cities and is
aligned with stark disparities in wealth. This has resulted in a unique relationship
between humans and the physical environment (e.g. very different assemblages of
alien species in affluent compared to low-income areas). New ways of approaching
invasive alien species management are emerging in South African towns and cities,
but better facilitating mechanisms and protocols are needed for dealing with conflicts
of interest.

11.1 Introduction

Urbanisation is increasing rapidly worldwide, altering ecosystem functioning and
affecting the capacity of ecosystems to provide services for people (Elmqvist et al.
2015; Luederitz et al. 2015). In the face of this trend, many countries are struggling
to balance the demands of economic development with the obligations to conserve
biodiversity and ensure the delivery of ecosystem services (ES) to urban populations
(Elmgqvist et al. 2015). Perceptions regarding nature in urban areas are changing
rapidly (Marris 2011; du Toit et al. 2018)—the notion of conserving nature in a
pristine state (excluding humans) is shifting to the view that people are part of
ecosystems and benefit from ES, and that ecosystems should be managed to ensure
resilience and the sustainable delivery of ES (Mace 2014).

Urban areas are susceptible to biological invasions for several reasons. First, they
are foci for the introduction (intentional and accidental) of alien species. Second, the
availability of large numbers of propagules due to intensive cultivation and repeated
introductions of many alien species (especially species used for ornamental horti-
culture, aquaculture and the pet trade) increases the likelihood of their establishment
and persistence (Williamson and Fitter 1996; Pysek 1998; Kowarik et al. 2013).
Third, the complex networks of dispersal pathways and vectors in cities facilitate the
rapid dissemination of propagules, both within urban settings and outwards into
surrounding natural and semi-natural ecosystems (Alston and Richardson 2006; von
der Lippe and Kowarik 2008; McLean et al. 2017; Padayachee et al. 2017). Fourth,
altered disturbance regimes, complex physical structures, and increased resource
availability associated with concentrated human activities create opportunities for
the establishment, reproduction and proliferation of many alien species (Cadotte
et al. 2017). Fifth, the alteration of biotic conditions, microclimatic conditions,
hydrology, and soils are important mediators of the patterns and processes of
biological invasions in urban ecosystems (Klotz and Kiihn 2010).

Knowledge of the interplay between social and ecological systems in urban
landscapes is becoming increasingly important as a growing proportion of human
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populations reside in cities. The trend of rapid urbanisation in developing countries
(UNFPA 2007), and the ever-increasing dependence on the provision of ES, means
that growing negative impacts on these services is a rising concern for city managers
(Potgieter et al. 2017). While urban ecosystems provide multiple ES for human well-
being, they can also generate functions, processes and attributes that result in
perceived or actual negative impacts on ES and human well-being—these are termed
ecosystem disservices (EDS) (Shackleton et al. 2016; Vaz et al. 2017). Invasive
animals in urban landscapes have been linked with the spread of human disease,
reduction in local biodiversity, and damage to property and infrastructure (Shochat
et al. 2010; Reis et al. 2008). Urban plant invasions have been implicated in human
health issues, increased fire hazard, and safety and security risks (PySek and Rich-
ardson 2010; van Wilgen and Richardson 2012; Potgieter et al. 2018, 2019a, b).

Management of invasive species in cities differs markedly in different parts of the
world. This is often closely linked to the availability of funding and the approaches
for setting priorities for city planning. Some cities prioritise urban green space, while
others channel limited funding earmarked for “environmental issues” to other
priorities more closely aligned with socio-political imperatives (Irlich et al. 2017).
City-based managers of invasive species are typically aligned to environmental or
biodiversity protection mandates. This means that, although control of invasive
species may be undertaken to comply with national legislation, the decisions that
are made, and plans that are implemented are often aimed at alleviating pressures on,
or at reversing damage to, natural ecosystems and biodiversity. Such concerns are
typically highly context-specific (e.g. Potgieter et al. 2018).

Urban environments have complex land-tenure patterns, with smaller and more
numerous land parcels and consequently many more landowners (e.g. privately-
owned property, national and provincial government land, municipal property man-
aged by different departments). This pattern complicates the coordination of man-
agement activities (Gaston et al. 2013). Large numbers of landowners mean a
diversity of incentives, policies, and practices for managing invasive species, and a
strong likelihood of conflicts of interests (Dickie et al. 2014; van Wilgen and
Richardson 2014; Gaertner et al. 2016; Zengeya et al. 2017). Species that provide
both ES and EDS generate conflicts around their use and management. Invasive
species may provide provisioning ES (e.g. firewood), but at the expense of biodi-
versity, leading to conflicts over which should be prioritised (van Wilgen 2012).
Indeed, management to optimise specific ES exclusively may exacerbate associated
EDS, and interventions aiming at reducing EDS only may also reduce ES (Shack-
leton et al. 2016). Site accessibility also presents a considerable challenge in
controlling alien plant invasions in the urban landscape.

Although most research on biological invasions has focussed on ecological
aspects (Garcia-Llorente et al. 2008; Hui and Richardson 2017), the ways in
which social dimensions mediate responses to invasions are emerging as crucial
considerations in invasion science (Kull et al. 2011, 2018; Shackleton et al. 2019b).
Effective engagement with stakeholders is emerging as a crucial ingredient in
invasive species management (Novoa et al. 2018; Shackleton et al. 2019a). Sustain-
able strategies for dealing with conflict-generating invasive species rely on
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cooperation and support from all stakeholders—those who support the use of these
species and those who support their control.

Cities are “surrogates for global change” (Lahr et al. 2018) and we need to further
our understanding of invasion in urban areas. Although urban ecosystems are
hotspots for biological invasions, invasion science has given scant attention to
exploring the invasion dynamics and the challenges facing managers in towns and
cities, particularly in developing countries (Gaertner et al. 2017a). This is also the
case in South Africa which has a long history of managing biological invasions in
natural and semi-natural ecosystems (Macdonald et al. 1986a; van Wilgen 2020,
Chap. 2). This chapter reviews the emerging knowledge of patterns and processes,
impacts, perceptions and management of biological invasions in urban ecosystems in
South Africa.

11.2 Patterns and Processes

Urban ecosystems are those where humans live at high densities and where the built
infrastructure covers a large proportion of the land surface (Pickett et al. 2001).
Following the South African settlement typology (van Huyssteen et al. 2015), this
chapter focuses primarily on towns and cities, but examples are also drawn from
smaller human settlements such as staff and tourist villages in protected areas
(Foxcroft et al. 2008) and military bases surrounded by natural vegetation (e.g.
Milton et al. 2007).

Alien species are abundant in all cities, but the understanding of invasion
dynamics (i.e. the factors that mediate the introduction, establishment, proliferation
and spread of alien species) in urban ecosystems is generally poor worldwide
(Gaertner et al. 2017b). In South Africa, knowledge of the patterns and processes
of invasions in urban settings is poor despite a long history of alien species
introductions into urban centres across the country. Urban areas throughout
South Africa, like those worldwide, share certain features that facilitate the prolifer-
ation of some alien species. These attributes exist irrespective of the biome in which
the town or city occurs. While there is some “overflow” of natural-area invaders into
urban settings (e.g. Australian wattles in Cape Town; Chromolaena odorata, Triffid
Weed, in Durban), urban areas in South Africa share a similar set of invasive species
from all taxonomic groups with many cities around the world, e.g. Ailanthus
altissima (Tree of Heaven), Rattus rattus (Black Rat). For these species, general
features common to urban environments, rather than biome-specific factors, are the
dominant drivers of invasions. However, South Africa’s unique history has had a
major imprint on the composition of alien species pools in urban areas, the ways in
which alien and invasive species are perceived, their impact on ES and human well-
being, and on approaches to management.

A wave of alien species introductions followed the colonisation of South Africa
by Europeans from the mid-seventeenth century (van Wilgen et al. 2020, Chap. 1).
From this time, distinct phases of introductions driven by the needs and activities of
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humans occurred, often leading to notable invasion episodes (Richardson et al.
2003). The last third of the twentieth century saw substantial social transformations
in South Africa, leading to significant changes in human demographics, micro- and
macro-economic climates, and in the country’s role in the global economy. These
factors all continue to influence the relationship between South African societies and
alien species and consequently the vectors and pathways for alien taxa (Richardson
et al. 2003; Le Maitre et al. 2004). Below we discuss key drivers of invasions of alien
plant and vertebrate species in urban areas of South Africa.

11.2.1 Plants

The history of plant introductions has been crucial for driving invasions of alien
plants in many South African cities, and demonstrates in part why invasions in cities
are very different to those in natural or semi-natural areas (where most alien plants
were introduced for purposes other than ornamental horticulture) (Fig. 11.1).

While there are similarities in the process between urban and rural or natural
invasions (e.g. lag phase), the dynamics and characteristics of the receiving envi-
ronments differ. The high heterogeneity of the urban landscape, altered disturbance
regimes, and increased resource availability associated with concentrated human
activities provide opportunities for the establishment, reproduction and proliferation
of many alien plant species even in marginal sites (Figs. 11.1a and 11.2a). The
horticultural industry has been a particularly important pathway for the introduction
of alien plants to South Africa, and the escape of ornamental plants from cultivation
and gardens has resulted in some of the most extensive biological invasions in the
country (Figs. 11.1b and 11.2b, c; Richardson et al. 2003; Foxcroft et al. 2008;
Geerts et al. 2013, 2017; Holmes et al. 2018).

Invasibility is strongly influenced by propagule pressure—massive propagule
pressure (many large trees) ensures that even suboptimal microsites are invaded
(overcoming abiotic barriers and biotic resistance) (Rejméanek et al. 2005).
Donaldson et al. (2014) show that the number of trees introduced into urban areas
was the most important parameter influencing abundance and extent of invasive
Australian Acacia populations. A survey along the Eerste River in Stellenbosch
found that areas along the river bordered by urban land had the highest numbers of
alien plant species (Fig. 11.2d; Meek et al. 2010). Another notable example is the
invasion of Metrosideros excelsa (New Zealand Christmas Tree) in Betty’s Bay,
Western Cape—where relatively large areas of natural vegetation within the town’s
border are dotted with ‘islands’ of human habitation in the form of single residences
(Figs. 11.1c and 11.2e). In the late 1960s, horticulturists recommended the planting
of M. excelsa as a “safe” replacement hedge plant for the highly invasive
Leptospermum laevigatum (Australian Myrtle). Today, M. excelsa is a serious
invader in and around several coastal towns in the Western Cape (Richardson and
Rejmének 1998).

The influence of propagule pressure on invasibility is also evident in smaller
settlements. While large cities are usually the first sites of introduction, small human
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Fig. 11.2 Examples of alien plant species invading urban areas in South Africa. (a) Acacia saligna
(Port Jackson Willow) and Leptospermum laevigatum (Australian Myrtle) invading a vacant plot in
Fisherhaven, Western Cape (Photograph courtesy of DM Richardson); (b) Ailanthus altissima (Tree
of Heaven) spreading from an ornamental planting in Stellenbosch, Western Cape (Photograph
courtesy of DM Richardson); (¢) Anredera cordifolia (Madeira vine) causing infrastructural
damage in Wilderness, Western Cape (Photograph courtesy of N Cole); (d) Sesbania punicea
(Red Sesbania) spreading along the Eerste River, Stellenbosch, Western Cape (Photograph courtesy
of DM Richardson); (e) Metrosideros excelsa (New Zealand Christmas Tree) invading fynbos
vegetation in the coastal town of Betty’s Bay, Western Cape from trees planted around houses (seen
in the background) (Photograph courtesy of DM Richardson); (f) Myrtillocactus geometrizans
(Bilberry Cactus) spreading into natural karoo vegetation from a 40-year-old cactus garden near
the town of Prince Albert, Western Cape (Photograph courtesy of SJ Milton)
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settlements are more numerous and are more likely to act as launching sites for plant
invasions into natural areas as they share proportionally greater boundaries with their
surroundings (Fig. 11.1d; Foxcroft et al. 2008; McLean et al. 2017). For example, a
survey inside a military base near Kimberley in the Northern Cape showed that alien
fleshy-fruited trees cultivated mostly as ornamentals, for shade, or to provide fruit,
spread beyond the confines of the base into the surrounding savanna (Milton et al.
2007). Dean and Milton (2019) describe the invasion of Myrtillocactus geometrizans
(Bilberry Cactus) into natural vegetation near the town of Prince Albert, Western
Cape, from a 40-year-old cactus garden in the town (Fig. 11.2f). Cilliers et al. (2008)
found that the cover of alien species increases with increasing proximity to the edge
of native grassland patches surrounded by urban and rural landscapes in
South Africa and Australia. Such examples provide evidence of a key process
driving many urban plant invasions.

During the Dutch and British colonial periods (1652-1871), most alien plant
species were introduced for timber production (forestry), fuelwood, shade and dune
reclamation (Richardson et al. 2003). Such introductions have left a major imprint
on plant invasions in natural and semi-natural ecosystems (Richardson et al. 2020,
Chap. 3). However, by the twentieth century there was an increasing emphasis on
amenity plantings in gardens and urban open spaces (Richardson et al. 2003). This
trend increased exponentially, and there has been an explosion of large and small
organisations (e.g. online traders) specialising in the dissemination of plants (usually
in the form of seeds or bulbs) worldwide in the last decade (e.g. Humair et al. 2015).
Despite a recent upsurge in the popularity of wild, drought-tolerant gardens
comprising mainly native plants, alien plants remain conspicuous features in all
South African cities. Early European settlers wanted to reconstruct the gardens of
Europe and these introductions were, in many cases, assimilated into local culture,
which perpetuated their further use (e.g. Davoren et al. 2016). Examples include oaks
(Quercus species) in Stellenbosch (nicknamed FEikestad in Afrikaans, i.e. “Oak
City”), and Jacaranda mimosifolia in Pretoria (“Jacaranda City”). At least 25 alien
tree species are protected as “Champion Trees of South Africa” under the National
Forests Act of 1998. Many of these occur in urban settings—68% of species listed as
“champion trees” are alien and 25% are currently listed as invasive. Updated infor-
mation from the South African Plant Invaders Atlas (SAPIA, accessed 12 December
2018) shows that 18% of invasive alien plant taxa recorded for South Africa occur in
urban open spaces or around human habitation (Henderson and Wilson 2017). The
proportion of “urban invaders” in South Africa’s invasive flora is, however, much
greater than this, as 76% of taxa listed in Henderson’s (2001) book on “Alien weeds
and invasive plants” are ornamental plants that are grown in urban areas, and because
Henderson’s book focusses largely on natural-area invaders.

Life-history traits such as flower and fruit size and shape, growth rates, and the
capacity to flourish under harsh environmental conditions have driven the importa-
tion of many alien plants into urban areas of South Africa. As a result, large showy
flowers, colourful fruits, the capacity for rapid growth and the ability to survive
without irrigation are features of many widely planted alien plants in South Africa.
Waves of interest in new types of alien trees with particular features have occurred in
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recent times. Such traits are also associated with reproductive success and efficient
dispersal and allow species to establish and spread into new environments (Aronson
et al. 2007; Moodley et al. 2013). For example, following a lag phase of several
decades, several paperbark (Melaleuca spp.) species (introduced for ornamental
purposes) are now emerging as invasive (Jacobs et al. 2017). This trend in human
preference for particular plant traits has led to an increase in the proportion of
invasive alien trees and shrubs in many urban areas due to the spread of species
introduced for ornamentation (Potgieter et al. 2017). Indeed, some invasive plant
species are still available in nurseries around the country (Cronin et al. 2017).

Many alien plant species also hybridise with other alien and native congeners
introduced by horticulturalists. This process can compromise the genetic integrity of
native taxa and/or enhance the invasive ability of their hybrid offspring (Williamson
and Fitter 1996). An example in South Africa is the genus Celtis, where the
introduced C. sinensis (Chinese Hackberry) hybridises with the native C. africana
(White Stinkwood; Siebert et al. 2018). Invasive populations of Celtis species in
South Africa are almost certainly hybrids (Milton et al. 2007). Problems with
identification have exacerbated invasions in some cases. For example, C. sinensis
is often incorrectly identified, labelled, sold and disseminated as the native
C. africana (Siebert et al. 2018).

11.2.2 Vertebrates

Aside from domestic pets and agricultural livestock, most alien terrestrial vertebrates
in South Africa were introduced as novelties for private collections, for game
viewing, or for hunting (Richardson et al. 2003; van Rensburg et al. 2011; Measey
et al. 2020, Chap. 5). Trading in animals between landowners provides opportunities
for invasion, or for genetic contamination of native species through hybridisation
(Spear and Chown 2009a, b). Most alien bird taxa that arrived in South Africa (apart
from those intentionally introduced by C.J. Rhodes between 1853 and 1902, and the
House Crow Corvus splendens), appear to have been imported for aviaries.

Few alien mammals have been intentionally introduced into urban South Africa.
The Grey Squirrel (Sciurus carolinensis) which was introduced to the Cape Penin-
sula by C.J. Rhodes as part of his programme to “improve” the amenities at the Cape
(Brooke et al. 1986; Picker and Griffiths 2017). This species has persisted in urban
environments and spread in areas where alien pines and oaks occur, but cannot
colonise widely separated patches of these trees, except with assistance of humans
(Smithers 1983). The Black Rat (Rattus rattus) was probably introduced accidentally
by Arab traders moving down the east coast, with subsequent additional undocu-
mented arrivals (Brooke et al. 1986). The Brown Rat (R. norvegicus) and the House
Mouse (Mus musculus) arrived as stowaways on ships from Europe, while the Asian
House Rat (Rattus tanezumi) from South-East Asia was first recorded in
South Africa in 2005 (Bastos et al. 2011). Some naturalised populations of alien
mammals originated from escapees from zoological collections (e.g. Himalayan
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Tahr; Hemitragus jemlahicus on Table Mountain and Fallow Deer; Dama dama).
See Measey et al. (2020, Chap. 5) for detailed accounts of the above species.

Urbanisation in Johannesburg and the Gauteng metropolis has transformed large
tracts of grassland to urban woodland over the past 150 years. This has resulted in a
positive relationship between the number of invasive species, the proportion of
transformed land and the land-use heterogeneity index, as well as a shift in local species
composition (Symes et al. 2017). For example, the distribution and population densities
of the Common Myna Sturnus tristis, independently introduced to South Africa on at
least two occasions since the late nineteenth century, are closely tied to that of people
and are associated with highly transformed land (Peacock et al. 2007).

Urbanisation has also contributed to major range expansions of several native
South African species. For example, the Hadeda Ibis (Bostrychia hagedash) and
Speckled Pigeon (Columba guinea) are now common in nearly all South African
cities (Duckworth et al. 2012). Hadedas rely on (many alien) trees in which to nest,
and irrigated lawns (mainly alien grass species) for foraging (Macdonald et al.
1986b). Similarly, Guttural Toads (Sclerophrys gutturalis) translocated from their
native range in Durban to a peri-urban area of Cape Town have become established
(Telford et al. 2019), as this area of the city has low-density, high-income housing
with frequent water features in which the animals could breed (Measey et al. 2017).
Although movement from the summer rainfall area of South Africa into the winter
rainfall zone would normally result in failure to establish (Vimercati et al. 2018), the
availability of garden ponds meant that this species expanded rapidly over 15 years
to cover much of the suburb (~5 km? Measey et al. 2017; Vimercati et al. 2017a).
Moreover, attempts to control the population were severely hampered by restricted
access to the properties of multiple private landowners, enabling the spread to
continue (Vimercati et al. 2017b).

The desire to have gardens with trees, lawns and ponds has facilitated many of the
invasions of alien vertebrates in urban areas of South Africa. The desire to emulate a
European garden is normally only enacted in the most affluent suburbs. Invasions in
these areas are clearly mediated by factors such as changes in gardening practices or
the densification of human settlements which alters the extent of suitable habitat and
the effectiveness of dispersal corridors (Moodley et al. 2014). Rivers are key
dispersal conduits for alien plant dispersal in South African towns and cities
(e.g. Kaplan et al. 2012).

11.3 Positive and Negative Effects of Invasive Alien Species
in Urban Areas

In some instances, the introduction of alien species results in a novel set of ecosys-
tem services (ES) and ecosystem disservices (EDS) for urban residents. For example,
many alien trees were introduced into towns and cities situated within the Fynbos
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Biome (a region with few native tree species) to provide ES which could not be
provided by the native flora. However, many introduced tree taxa such as Australian
acacias, hakeas and pines became invasive, threatening the delivery of ES (van
Wilgen et al. 2008; van Wilgen and Richardson 2012; Le Maitre et al. 2020,
Chap. 15; Zengeya et al. 2020, Chap. 17) and creating a novel suite of EDS such
as increased safety and security risks (Potgieter et al. 2018, 2019b; Supplementary
Appendix 11.1).

11.3.1 Ecosystem Services

Plants South Africa presents a unique case study in that some urban centres are
located within areas that are depauperate in native trees (e.g. Cape Town situated
within the CFR and Johannesburg on the Highveld) (Rundel et al. 2014). The
introduction of alien species to these urban centres (and subsequent proliferation
into surrounding natural areas) provided a novel suite of ES and as a result, urban
residents have forged new relationships with such species (Box 11.1).

Box 11.1 Key Ecosystem Services Provided by Invasive Plants in Urban
South Africa

Provisioning services: Shackleton et al. (2017) show that harvesting of native
and alien plant species (e.g. providing foods, medicines, and materials) is a
widespread practice in urban, suburban and peri-urban landscapes globally.
Many invasive alien trees are an important source of firewood for urban
residents in South Africa, particularly in low-income areas (figure below). For
example, in Cape Town, there are relatively few widespread native tree species
available as a source of firewood, and many residents utilise invasive alien
shrubs and trees for these purposes, including Acacia cyclops (Rooikrans),
A. mearnsii (Black Wattle), A. saligna (Port Jackson Willow), Eucalyptus
species (eucalypts) and Pinus species (pines) (Gaertner et al. 2016; Potgieter
et al. 2018).

(continued)
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Box 11.1 (continued)

Acacia mearnsii (Black wattle) sold as firewood in Cape Town, Western Cape, South Africa.
Photograph courtesy of Woodgurus

Cultural services: Many of the alien species introduced by European
settlers (particularly alien trees) now have strong cultural and historical links
to South African heritage. While many of the species have become naturalised
or invasive around the country, some exceptional individuals are protected
under the National Forests Act of 1998 and still provide key ecosystem
services (ES). While the horticultural trade is a major introduction pathway
for alien plant species around the world (Dehnen-Schmutz et al. 2007), alien
trees and shrubs (many of which have subsequently spread into surrounding
natural areas) have provided a novel suite of ES in urban areas in South Africa.
Many invasive alien tree species are highly valued by urban residents for their
aesthetic appeal. For example, species as Acacia elata (Pepper Tree Wattle)
and Ailanthus altissima (Tree of Heaven) are popular ornamental subjects in
many residential gardens across South Africa (first figure below; Donaldson
et al. 2014; Walker et al. 2017). Invasive aquatic plants such as Eichhornia
crassipes (Water Hyacinth) and Nymphaea mexicana (Mexican Water Lily)
are also highly valued for their visual amenity. Plantations of invasive alien
trees from the genus Eucalyptus (e.g. E. camaldulensis, E. diversicolor and
E. gomphocephala) close to urban areas also have considerable appeal to
hikers, cyclists and tree enthusiasts (Gaertner et al. 2016). Some alien and
invasive plant taxa provide roosting and breeding sites for rare raptors
(supporting services—second figure below) and serve as important tourist
attractions. Urban areas comprise a diversity of cultures and the long history

(continued)
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Box 11.1 (continued)

of alien plant introductions (and invasions) in many urban areas around
South Africa has resulted in unique cultural attachments. For example, in
some areas of Cape Town, stands of invasive A. saligna serve as important
sites for Xhosa initiation rituals (C. Rhoda 2017, pers. comm.).

Ailanthus altissima (Tree of heaven) planted for ornamental purpose in a residential complex
in Stellenbosch, Western Cape, South Africa. Photograph courtesy of Ulrike Irlich

(continued)
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Box 11.1 (continued)

Stephanoaetus coronatus (Crowned Eagle) perched in a Eucalyptus tree in Pietermaritzburg,
KwaZulu Natal, South Africa. Photograph courtesy of A Froneman

Regulating services: The introduction of alien trees into urban centres
around South Africa provided shade for urban residents (figure below).
Many plantations, especially stands of Pinus radiata (Monterey Pine) in
Cape Town, are heavily utilised by urban residents for recreation (picnicking,
cycling, walking), mainly because of the shade they provide (Potgieter et al.
2019a). Acacia elata is valued as a shade and amenity tree, especially on golf
courses (Donaldson et al. 2014), while other alien trees such as
E. gomphocephala (Tuart) are important for providing shade in informal
settlements and townships (Gaertner et al. 2016).

(continued)



11 Biological Invasions in South Africa’s Urban Ecosystems 289

Box 11.1 (continued)

Eucalyptus sp. providing shade for a street vendor in Cape Town, Western Cape,
South Africa. Photograph courtesy of LJ Potgieter

Supporting services: Invasive plants can also provide important habitat for
other species. For example, invasive Eucalyptus trees are used extensively as
roosting sites by the vulnerable Falco naumannii (Lesser Kestrel) and Falco
amurensis (Amur Falcon) (Bouwman et al. 2012) and as breeding sites by
Haliaeetus vocifer (African Fish Eagle) (Cilliers and Siebert 2012) and
Stephanoaetus coronatus (Crowned Eagle) (McPherson et al. 2016).

Vertebrates Most people in South Africa’s urban environments are unaware that
many of the dominant species in their cities are alien (Novoa et al. 2017). Many
people enjoy interacting with alien species that have become accustomed to receiv-
ing food from city residents. For example, Mallards (Anas platyrhinchos) are fed
bread by city residents, and squirrels are provided with nuts and kitchen scraps.
Human attachment to cats has ensured their persistence, as they centre their home
range movements around supplemental resources such as food (e.g. in the town of
Pietermaritzburg; Pillay et al. 2018). The use of amphibians as educational aids also
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led to the facilitated movement of Guttural Toads outside of their invaded range in
Cape Town (Measey et al. 2017). Many people still value these animals for the
original ornamental attributes for which they were introduced, and this has led to
several conflict situations with control.

11.3.2 Ecosystem Disservices (EDS)

Plants Since alien plant species make up a large proportion of urban floras
(e.g. PySek 1998; Kiihn and Klotz 20006), it is important to weigh the detrimental
effects of alien plant species against the ways they enhance local diversity and
maintain important functions (Elmqvist et al. 2008). Arguments for and against
managing invasive species in urban areas increasingly hinge on their contributions
to the delivery of ES and EDS (Potgieter et al. 2017, 2018; Vaz et al. 2017). Many
alien species that were introduced specifically to supply, augment or restore ES have
spread beyond sites of original containment, captivity or plantings to become
invasive. Some of these invasive alien plant species can alter ecosystem functions,
reduce native biodiversity, and have a negative impact on ES (Box 11.2; Pejchar and
Mooney 2009; Shackleton et al. 2016). Negative impacts include financial costs
(e.g. costs of pruning, repairing damage to urban infrastructure), social nuisances
(e.g. allergenic pollen, safety hazards from falling trees) and environmental costs
(e.g. alteration of nutrient cycles, displacement of native species), which impact
negatively on human well-being (Escobedo et al. 2011; Roy et al. 2012; Potgieter
et al. 2017; Vaz et al. 2017).

Box 11.2 Key Ecosystem Disservices Provided by Invasive Plants

in Urban South Africa

Biodiversity: The effects of urbanisation on biodiversity are particularly seri-
ous in South Africa because many urban centres occur in or around areas with
high levels of species richness and endemism. For example, in Cape Town the
impact of invasive species on the rich biodiversity is of major concern
(Holmes et al. 2012). The city is located within the Cape Floristic Region
(CFR), a global centre of plant endemism (Cowling et al. 1996). The city
(2445 km? in extent) surrounds the Table Mountain National Park (221 kmz),
17 smaller nature reserves, and 500 biodiversity network sites that together
cover 270 km?. Invasive tree species such as pines (Pinus species) grown in
plantations, and Australian wattles (e.g. Acacia saligna) planted mainly along
the coast for dune stabilisation, have spread widely into natural vegetation
(figure below) where these species outcompete and replace natural vegetation
leading to homogenisation and a decrease in native biodiversity (Rebelo et al.
2011). For example, P. radiata that occurs in commercial plantations in and
around Cape Town is highly invasive (Richardson and Brown 1986) and poses

(continued)
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Box 11.2 (continued)

a substantial threat to the biodiversity of TMNP (Richardson et al. 1996).
Acacia saligna also reduces avian species richness in urban and peri-urban
areas of Cape Town (Dures and Cumming 2010).

o T it

Pittosporum undulatum (Australian Cheesewood) and Pinus sp. spreading into natural
vegetation in Cape Town, Western Cape, South Africa. Photograph courtesy LJ Potgieter

Fire: Fire is an important natural process in many parts of South Africa,
especially in the Fynbos, Grassland and Savanna Biomes, which are all fire-
adapted and fire-dependent (van Wilgen 2009). However, accidental (and
often intentional) fires started by people have led to more frequent and
uncontrolled fires, which threaten property and the safety of people (van
Wilgen and Scott 2001). The increase in biomass resulting from alien plant
invasions (particularly woody alien plant taxa such as eucalypts, pines and
wattles, but also tall grass species, notably Arundo donax) close to urban
infrastructure represents a substantial fire risk (figure below; van Wilgen
et al. 2012), threatening property and the safety of people (van Wilgen and
Scott 2001), while also providing opportunities for those engaged in criminal
activity (Supplementary Appendix 11.2). Other areas such as vacant proper-
ties, public open spaces and riparian areas have also become invaded to the
degree that they pose a fire risk to infrastructure.

(continued)
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Box 11.2 (continued)

A wildfire that was exacerbated by invasive vegetation threatening infrastructure in
Glencairn, Western Cape, South Africa. Photograph courtesy of the Cape Argus Newspaper
from 2000

Water: The sustainable provision of water is a major challenge in many
parts of South Africa. Many natural surface water options have been depleted
and the continued spread of invasive plants in catchments that supply urban
areas with water is adding further strain to the dwindling resource (figure
below). Stands of invasive trees use significantly more water than the
low-statured native vegetation, thereby decreasing surface run-off and ulti-
mately water supply and security to towns and cities (Le Maitre et al. 2015).
For example, E. camaldulensis (River Red Gum) is a highly invasive species
which has invaded riparian zones, significantly reducing surface water run-off
(Forsyth et al. 2004; Gaertner et al. 2016). These effects are exacerbated by the
periodic drought in many cities (particularly in the Western Cape). Many
aquatic invasive species such as Eichhornia crassipes also block waterways
and affect water quality (Richardson and van Wilgen 2004).

(continued)
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Box 11.2 (continued)

Populus x canescens (Grey Poplar) invading along a river in Cape Town, Western Cape,
South Africa. Photograph courtesy of LJ Potgieter

Vertebrates Invasive vertebrates exhibit a wide range of impacts (ecological, eco-
nomic and health) worldwide (Vila et al. 2010), but few South African studies have
assessed these impacts in an urban context. Among the most important impacts of
rats in South African urban areas are those of zoonotic diseases, including leptospi-
rosis, plague (caused by the bacillus Yersinia pestis transmitted from rats to humans
by fleas), and toxoplasmosis in humans (Taylor et al. 2008). They also carry several
co-invasive parasites (Julius et al. 2018). It has also been suggested that zoonotic
disease prevalence may increase due to the compromised immune systems of HIV/
AIDS patients in South African urban areas (van Rensburg et al. 2011).

The impacts of birds in urban South Africa are various, reflecting the diverse
impacts recorded for avifauna globally (Evans et al. 2016). For example, Mallards
(Anas platyrhynchos), introduced for game hunting but increasingly popular as an
ornamental species, hybridise with the native Yellow-Billed Duck (Anas undulata)
(Stephens et al. in press). The House Crow (Corvus splendens) arrived in the
harbours of Durban and Cape Town by hitching rides on small vessels (see Supple-
mentary Appendix 11.2). They are a serious pest in many cities around the world
where they live in close association with humans. This species is noisy and threatens
public health, agriculture, urban wildlife, and aircraft electrical installations (Berruti
and Nichols 1991). It been identified as the carrier of human enteric disease
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organisms (Enterobacteriaceae) such as Salmonella species, Shigella serotypes,
Proteus species, Vibrioaceae species, Pseudomonas species, Escherichia coli, Cam-
pylobacter species, and Newcastle disease (Sulochana et al. 1981; Ryall and Reid
1987; al-Sallami 1991). These diseases are likely due to the tendency of populations
to frequent areas where waste foods and faeces are dumped. It is also a known faecal
contaminator of human environments and water resources. The crows may also hold
potential for spreading bird flu viruses.

Cats have devastating effects on native biodiversity worldwide (Hagen and
Kumschick 2018), and South Africa’s feral and domestic cats appear to be no
different. Cats on the urban edge have been shown to have a significant impact on
adjoining biodiverse areas in the Table Mountain National Park (George 2010;
Morling 2014).

The negative impacts of invasive alien fish in the context of urban rivers and
water bodies in South Africa remains poorly understood. Kruger et al. (2015)
reported a negative effect of the invasive predatory Mosquitofish (Gambusia affinis)
on native amphibian community assemblages and abundance in Potchefstroom.

Pests and pathogens Internationally, trees in urban environments play an important
role in preserving biodiversity and supplying ES in urban areas, and as the world
becomes more globalised, urban forests will provide increasingly valuable benefits.
However, trees in urban environments are particularly vulnerable to pest and path-
ogen invasions. Most tree damaging insect pests and pathogens (hereafter referred to
as pests) arrive as accidental introductions, a by-product of increasing trade and
globalisation (Santini et al. 2013; Meurisse et al. 2018). Urban areas are hubs for
international trade and frequently serve as the first point of entry for alien forest pests
(Paap et al. 2017). Besides being subjected to high propagule pressure, urban trees
experience stressful conditions resulting from anthropogenic disturbances, increas-
ing their susceptibility to pest attack (Paap et al. 2017). Once established in urban
environments, introduced pests can spread into natural or planted forests often
resulting in permanent damage, and efforts at controlling such invasions can become
costly.

Considering the vulnerability of urban trees to invasive pests, there have been
moves globally to focus surveillance on urban trees for early detection of new pest
invasions. Most pests are not problematic in their natural range, which means that
many damaging invasive pests were unknown to science before they arrived and
established in a new environment. Such pests were therefore not on watch lists and
could not have been regulated against. ‘Sentinel plantings’, that is, plants established
outside their natural range, are increasingly being used to identify new host-pest
associations, predict future tree health threats and fill gaps in pest risk analyses
(Eschen et al. 2018; Poland and Rassati 2018). The range of impacts caused by
damaging invasive pests on tree health in South Africa are highlighted by the
following case studies.

Some invasive alien pests in South Africa may only be problematic on alien tree
hosts with no risk to agriculture, planted forests or the natural environment. The
Sycamore Lace Bug (Corythucha ciliata), a highly invasive tingid native to eastern
parts of North America and Canada, is a recent invader in South Africa (Picker and
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Griffiths 2015). To date it has only been identified from London Plane trees
(Platanus x acerifolia) in the Western Cape. These bugs are sap suckers and form
dense colonies on the underside of leaves with damage becoming apparent in late
summer. These leaves may be excised earlier than normal, and where severe damage
occurs over several consecutive years in the presence of additional stress factors, tree
death may result (Barnard and Dixon 1983).

Other invasive alien pests may initially establish on ornamental species but as
populations build and spread, present a threat to native plants. For example, the
Cycad Aulacaspis Scale (CAS), Aulacaspis yasumatsui, an insect native to Southeast
Asia, is an important pest of cycads. This pest has spread globally through the trade
of cycads and is now a major threat to ornamental and native cycads in many
countries. The International Union for Conservation of Nature, Species Survival
Commission-Cycad Specialist Group refer to CAS as the single most important
threat to natural cycad populations globally and it is listed as a prohibited species in
South Africa’s National Environmental Management: Biodiversity Act (Act No. 10
of 2004) (NEM:BA) Alien & Invasive Species Regulations. In 2015, CAS was
identified from the alien Cycas thouarsii (Madagascar Cycad) in the Durban Botanic
Gardens (Nesamari et al. 2015). Further surveys identified the pest present in three
South African provinces on cultivated Cycas as well as native Encephalartos
species. Infested Cycas were also found in two commercial nurseries, demonstrating
the high risk of spread of this pest through the nursery trade.

A second case is exemplified by the fungal root rot agent Armillaria mellea. First
detected in Cape Town in 1996, there is evidence that it was introduced during the
establishment of Company Gardens by early Dutch settlers in the mid-1600s
(Coetzee et al. 2001). Some years later A. mellea was identified in Kirstenbosch
National Botanical Gardens (Coetzee et al. 2003), and more recently has spread
further and is causing root rot of woody plants and trees in natural ecosystems
around Cape Town. Most significantly it has now invaded the ecologically important
natural environment of Table Mountain National Park, where it is threatening several
rare and endangered woody plant species (Coetzee et al. 2018).

Pests of economically important crop trees and plantation forests are well
documented in comparison to tree pests occurring in urban or natural environments,
an area that has been suggested as under-represented in invasion biology in
South Africa (Wood 2017). The recent discovery of the highly damaging invasive
Polyphagous Shot Hole Borer (Euwallacea fornicatus), however, has brought to
light the extensive economic, ecological and social impacts that urban areas face
with the arrival and establishment of a ‘worst-case scenario’ pest (Box 11.3).
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Box 11.3 The Polyphagous Shot Hole Borer and Fusarium Dieback
in South Africa

1mm Photo: . Bush

(a) Female Polyphagous Shot Hole Borer (Euwallacea fornicatus); (b) a stump of infested
Chinese maple (Acer buergerianum) with extensive beetle galleries. Photographs courtesy of
(a) Samantha Bush and (b) ZW de Beer

The Polyphagous Shot Hole Borer (PSHB), Euwallacea fornicatus (Coleop-
tera: Curculionidae: Scolytinae; part (a) figure above) is probably the most
damaging invasive alien pest to arrive and establish in South Africa’s urban
environments. It was first detected in the KwaZulu-Natal National Botanical
Gardens in Pietermaritzburg in 2017 (Paap et al. 2018). An ambrosia beetle
native to Southeast Asia, PSHB has a symbiotic relationship with three fungal
species, including the pathogen Fusarium euwallaceae. In susceptible host
trees this leads to Fusarium dieback, a disease causing branch dieback and in
some species, tree death. Soon after its detection in Pietermaritzburg it became
evident that the beetle was already well established in the country, predomi-
nately in urban areas, including Durban, George, Knysna, Somerset West,
Nelspruit and Johannesburg. There is no direct evidence for the means of
introduction of PSHB from Asia to South Africa, but non-compliant wood
packaging material and dunnage are widely recognised as important pathways
for the introduction of alien insect pests. PSHB was probably present for
several years prior to its detection, during which time populations built up
and spread. This pest is now causing the deaths of thousands of trees in urban
environments and threatens millions of trees across the country.

At least 80 tree species, 35 of them native, are known to be attacked in
South Africa (Z.W. de Beer unpublished data). While the outcome of PSHB
attack is not yet known for each tree species, it seems that many reproductive
hosts (those on which the beetle can breed) ultimately succumb. High levels of
beetle tunnelling activity also weaken trees (part (b) figure above), causing
branches to fall. To date, 20 tree species including maples (Acer species),

(continued)
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Box 11.3 (continued)

Liquidambar (Liquidambar styraciflua), Plane Trees (Platanus species), oaks
(Quercus species), willows (native and alien Salix species), native coral trees
(Erythrina species) and bushwillows (Combretum species) have been found to
be susceptible reproductive hosts and stand to be lost from the urban land-
scape. Besides its impact in the urban environment, PSHB poses a threat to
many economically important tree crops including Pecan Nut (Carya
illinoinensis) and Avocado (Persea americana), plantations of Australian
Acacia species, and to natural ecosystems.

The full extent of PSHB impact on the South African urban environment
will only be ascertained over time. Municipalities already face the costly
removal of many heavily infested street trees. This loss will have a profound
impact on urban biodiversity and ecosystem services and result in reduced
amelioration of the urban heat-island effect. Besides the financial burden of
tree removal there are losses associated with reduced residential property
values, and in the longer-term municipalities will also bear the cost of tree
replanting.

South African municipalities have never had to deal with a tree-killing
pest of this magnitude before (unlike cities in North America, Europe, and
Australasia). With limited resources available, a coordinated and strategic
response has been slow to emerge. Without prioritisation of removal of
reproductive host trees and disposal at designated dumping sites (by chipping
and composting or solarisation), the unintentional dispersal of PSHB (poten-
tially over great distances) through the movement of infested wood sold as
firewood is inevitable. Therefore, the situation requires a consolidated strategy
and action plan, with input from research, engagement with stakeholders, and
guidance from national government departments with a strong focus on
effective communication and awareness campaigns.

11.4 Management

The Alien and Invasive Species regulations promulgated under the NEM:BA places
a ‘Duty of Care’ on all landowners, whether private or public, to control invasive
species on their land. This legislation requires all ‘Organs of State’ at all spheres of
government (from national through to local government) to compile invasive species
monitoring, control and eradication plans for land under their control. However,
such “organs of state” face multiple challenges which makes compliance with the
NEM:BA regulations difficult (Irlich et al. 2017).

Urban ecosystems present a new set of challenges relating to the understanding
and management of biological invasions, and there is an urgent need for greater
exploration of invasion processes and impacts in urban areas (Gaertner et al. 2017a,
b; Irlich et al. 2017). Arguments for and against managing invasive species in urban
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areas increasingly hinge on the contributions of invasive species to deliver ES and
EDS (Potgieter et al. 2017; Vaz et al. 2017). Decisions must be made on whether to
manage to enhance ES provision, or to minimise EDS. Such decisions are largely
context-specific, and managers need to consider the knock-on effects when reducing
EDS or enhancing specific ES, as other ES may be indirectly disrupted, or novel
EDS created. Decisions need to be transparent and must consider opinions of a wide
range of stakeholders including the public and those involved in urban land-use and
ecosystem management decisions (Novoa et al. 2018). Furthermore, a variety of
approaches (e.g. citizen science, remote sensing, and active surveillance) are needed
to determine the distribution patterns of native and alien species (as influenced by
environmental factors) and to assist in quantifying the impact of invasive species
at broad scales based on responses on a finer scale (Odindi et al. 2016; Mavimbela
et al. 2018).

11.4.1 Conflicts of Interest

Invasive species that provide both ES and EDS often generate conflicts around their
use and management. Aesthetic and recreational opportunities provided by invasive
alien tree species are highly valued in urban areas through their provision of shade,
and plantings for green spaces, street plantings or gardens around urban centres
(Dickie et al. 2014). For example, attempts to regulate and remove planted individ-
uals of Jacaranda mimosifolia in Pretoria (planted in gardens and along streets for
aesthetic purposes) to eliminate seed sources driving invasion of savanna areas,
resulted in massive public resistance (Dickie et al. 2014).

Conflicts of interest are most obvious in urban areas with a steep urban-rural
gradient, as epitomised by Cape Town (Alston and Richardson 2006; Dickie et al.
2014). For example, Eucalyptus and Pinus species, historically grown in plantations
along the urban edge of Cape Town, are utilised for recreation by the city’s residents,
many of whom regard the trees as attractive and ecologically beneficial (van Wilgen
and Richardson 2012). As a result, control programs have been controversial.

Managing invasive animals is often controversial and residents frequently chal-
lenge the ethics of killing or removing animals, highlighting the perceived cruelty of
these operations. For example, a decision to control Mallards (Anas platyrhynchos)
due to their impacts on native waterfowl was met with substantial public resistance
(Gaertner et al. 2016). Management efforts were effectively halted because the
arguments for the campaign (genetic contamination of a single native species)
were less convincing to the public than arguments for the widespread ecological
impacts of more damaging invasive species (Gaertner et al. 2017a).

There is increasing recognition of the importance of engaging stakeholders
affected by alien species or by their management (Novoa et al. 2018). Consideration
of stakeholder views and the social consequences of management actions are needed
to supplement traditional management approaches (Gaertner et al. 2016). Novoa
et al. (2018) developed a step-by-step approach to engaging stakeholders in the
management of alien species, and Gaertner et al. (2017a) developed a framework
which groups species into three management approaches (control priority, active
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engagement, and tolerance) depending on their real or perceived benefits and their
potential to generate negative impacts. Such approaches need to be implemented to
ensure that all relevant ecological and socio-economic dimensions influencing
invasive species management are addressed. Communication, education and use of
citizen science platforms should also be used to highlight and document the danger
of invasive species. Alternative, less harmful species could be proposed and
substituted for conflict or desirable invasive species.

Many urban centres around the country have recently grown to engulf natural
areas and surround existing conservation areas. Management of the latter (for
biodiversity conservation) may be compromised owing to social preferences for
invasive plants. Therefore, the management of conflict species in conservation areas
in and around urban areas may require different approaches compared to modified
sites in urban areas.

11.4.2 Socio-ecological Challenges

South Africa’s people are becoming increasingly urbanised (Anderson and O’Farrell
2012). The spatial arrangement of many urban centres around South Africa is
racially defined and aligned with significant wealth disparities (Swilling 2010).
Informal settlements (inhabited mostly by poorer communities) and townships
established during the previous century and enforced through apartheid planning,
are mostly located on the outskirts of cities. Major socio-economic challenges
include the provision of education, housing, nutrition and healthcare, and transport
infrastructure (Goodness and Anderson 2013). Pressure to address development
issues of unemployment, poverty, and the formal housing shortfall, all place signif-
icant demands on remaining patches of natural habitat, which are highly sought after
for conversion to housing or industrial development (Goodness and Anderson 2013).

Lower income areas such as informal settlements have smaller areas of public
green space (McConnachie and Shackleton 2010). These areas have fewer resources
than more affluent areas and rely heavily on ES provided by the natural resources of
the immediate environment (including those provided by invasive plants). However,
careful evaluation of the demands of the communities is required as there are likely
to be divergent viewpoints and competing objectives. Managing to reduce EDS in
the surrounding areas requires rigorous social assessments to avoid potential con-
flicts of interest. For example, clearing invasive alien trees close to informal settle-
ments affects the livelihoods of residents who may rely on these species for firewood
or construction material.

The increase in biomass resulting from alien plant invasions close to urban
infrastructure increases the risk of severe fires. Fire management in and around
urban areas is challenging because conflicts often arise due to the need for prescribed
burning to achieve ecological goals, the need to ensure the safety of humans and
infrastructure by reducing fire risk at the urban edge, and the need to maintain
low-stature vegetation to reduce the risk of crime. Public safety becomes the primary
goal and not biodiversity conservation (van Wilgen and Richardson 2012; Kraaij et al.
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2018). This requires integration of both ecological and societal aspects in the devel-
opment of an adaptive fire management plan. The challenge is to manage these sites in
such a way to restore biodiversity and ES provision, while improving public safety.

11.5 The Way Forward

New ways of approaching invasive species management in South African towns and
cities are emerging and are being driven by: (1) special problems, innovations and
recent projects in several cities (notably Cape Town and Durban); (2) national
legislation on alien and invasive species (which was implemented largely to deal
with invasions of natural ecosystems); (3) changes worldwide in approaches to urban
planning and human perceptions of biodiversity in human-dominated ecosystems
(including attempts to adapt these systems to deal with climate change).

For management of invasive species to be effective in South African urban
ecosystems, more research and better facilitating mechanisms are required, and
protocols for dealing more effectively with conflicts of interest must be developed.
Some key issues that require further research are listed below.

* Regional management strategies must incorporate plans for dealing with inva-
sions in all categories of landscapes across the urban-wildland gradient (“the
whole landscape” sensu Hobbs et al. 2014). This is important because urban areas
act as launch pads for invasions into wildlands, and wildland invaders are
increasingly causing problems at the urban-wildland interface.

* Objective frameworks are needed for assessing impacts (positive and negative) of
invasive species in urban areas in South Africa. Such frameworks could provide
the foundation for the objective assessment of the capacity of native and alien
species to provide benefits (ES) and negative impacts (EDS) in South African
towns and cities. Such information is increasingly important as urban planners are
giving more attention to adaptation of cities to climate change; impact assessment
schemes [e.g. EICAT (Blackburn et al. 2014) and SEICAT (Bacher et al. 2018);
Kumschick et al. (2020), Chap. 20] provide a good starting point but need to be
adapted for South African urban settings.

* National legislation on alien and invasive species requires urban managers to
prepare ‘invasive species monitoring, control and eradication plans’ for invasive
species. Protocols for preparing effective plans are lacking. Guidelines are needed
for: compiling inventories of alien species in urban areas; developing effective
and realistic strategies of intervention for different types of invasive species,
including the development and application of tools for prioritising actions; and
approaches for engaging with stakeholders.

South Africa is an excellent study system for developing a typology, lexicon and set
of associated concepts, theories and approaches for dealing with biological invasions
in different categories of human-dominated ecosystems (ranging from small human
settlements embedded in large natural ecosystems to megacities and metropoles). To
determine the magnitude of economic and ecosystem impacts of alien species
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invasions in cities around the world, a Global Urban Biological Invasion Consortium
(GUBIC) has been established. Comprising more than 70 collaborators from at least
40 cities in 21 countries, GUBIC facilitates global communication and provides a
platform to synthesis and share data and develop management and policy frameworks.
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Abstract Alien taxa have been introduced to South Africa through a wide variety of
pathways, and have subsequently been intentionally or accidentally dispersed across
the country. While many introductions to South Africa have been intentional, alien
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taxa have also been accidentally introduced, or have spread unaided into the country
from neighbouring countries where they have previously been introduced. Similar to
other regions, organisms of different types have been introduced to South Africa
through different pathways, and some pathways have introduced more taxa that have
become invasive than others. Changing socio-economic factors have played an
important role in shaping the pathways of introduction and dispersal for
South Africa. The first known introductions to South Africa were mostly intentional
introductions from Africa for agriculture and medicine. However, as a result of
increasing and geographically expanding trade and transport, the development of
new technologies, and changing human interests and attitudes, over time, new
pathways of introduction and dispersal developed, and the importance of existing
pathways changed. Control measures have been put in place to manage some of the
pathways, but despite these measures introductions continue to occur at an increasing
rate. It is likely that these trends will persist into the future, and in particular, accidental
introductions are likely to increase with increasing trade. Due to new legislation, the
risks posed by legal intentional introductions should be reduced, but technological and
political developments mean that it is becoming increasingly difficult to manage the
pathways and enforce existing regulations. To better inform management, further
research into the pathways of introduction and dispersal is required.

12.1 Introduction

Since the 1500s there has been a dramatic increase in the volume of goods and the
number of people being moved around the world (Harrari 2015). Consequently, there
has been, and continues to be, an increase in the number of organisms being
transported and introduced to regions where they are not native (Hulme 2009; Seebens
et al. 2017). Pathways of introduction are the processes that lead to the movement of
alien taxa from one geographical location to another (Richardson et al. 2011), and
include both the vector on or within which the organism is transported (e.g. ship,
aeroplane) and the route followed (Essl et al. 2015). These pathways not only facilitate
the movement of alien taxa between countries, but also the transportation of taxa
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within countries. There are a wide range of pathways through which alien taxa are
either intentionally or accidentally introduced (Hulme et al. 2008). Alien taxa are
intentionally transported and introduced for many uses, including for agriculture,
horticulture, angling, medicinal purposes and as pets. But organisms are also often
accidentally introduced when their hosts (such as plants or animals, or parts thereof
such as wood or fruit) are intentionally transported between regions, or when they
‘hitchhike’ on or in transport vessels (including ships and aeroplanes).

Because some alien taxa become invasive and have negative environmental or
socio-economic impacts where introduced, it is vital that these taxa are managed
(Pimentel et al. 2001; Blackburn et al. 2011; Simberloff et al. 2013). Often the most
efficient and cost-effective way to manage biological invasions is to prevent the
introduction of taxa that are likely to cause harm (Leung et al. 2002; Puth and Post
2005; Simberloff et al. 2013). Most efforts to achieve this only focus on a few taxa
that have a history of invasion elsewhere (Early et al. 2016; Grosholz 2018).
Unfortunately, this strategy is ineffective in preventing the introduction of taxa
with no invasion history or those that are accidentally introduced (Hulme 2006;
Seebens et al. 2017, 2018; Grosholz 2018). Strategies that aim to identify and
prioritise important pathways of introduction are more appropriate in these instances
(Hulme 2006). These strategies aim to prevent invasions by reducing the propagule
pressure [the number of individuals introduced or number of introduction events for
a specific taxon (Lockwood et al. 2005)] and colonisation pressure [the number of
species introduced (Lockwood et al. 2009)] associated with priority pathways, and
these efforts have been shown in some instances to be highly effective (Bailey et al.
2011; Sikes et al. 2018). For example, enacted policies that require foreign vessels
entering the Laurentian Great Lakes to exchange and/or flush their ballast tanks with
mid-ocean saltwater have markedly reduced the risk of introductions mediated by
the release of ballast water by ships (Bailey et al. 2011).

The importance of managing the pathways of introduction is widely recognised,
and has been included in the Aichi Biodiversity targets set by the Convention on
Biological Diversity (CBD). In order to meet Aichi Biodiversity Target 9, the
countries that are party to the CBD, including South Africa, must identify and
prioritise their pathways of introduction, and manage those pathways to prevent
the introduction of invasive taxa (UNEP 2011). It is, therefore, not surprising that the
pathways of introduction have been studied in many regions [e.g. Czech Republic
(Pysek et al. 2011) and China (Xu et al. 2006)] and at various spatial scales [e.g.
global (Kraus 2007; Hulme et al. 2008), continental (Katsanevakis et al. 2013) and
sub-continental (Zieritz et al. 2017)]. These studies have demonstrated that the
pathways that are important for the introduction of alien taxa vary across regions
and spatial scales, but also across taxonomic groups, environments and over time
(Hulme et al. 2008; Pysek et al. 2011; Katsanevakis et al. 2013; Essl et al. 2015;
Faulkner et al. 2016; Zieritz et al. 2017). The pathways also vary in the degree to
which they are associated with taxa that become invasive and/or have negative
impacts (Wilson et al. 2009; PySek et al. 2011; Faulkner et al. 2016; Pergl et al.
2017), and in their relative importance in facilitating initial introduction and subse-
quent dispersal (Padayachee et al. 2017). Species traits, the environment and trends
in socio-economic factors (like the volume and type of goods imported, economics,
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changing fashions and management interventions) interact to shape these patterns
and determine not only how the pathways of introduction change over time (Hulme
etal. 2008; Essl et al. 2011, 2015; Ojaveer et al. 2017; Saul et al. 2017; Seebens et al.
2017; Zieritz et al. 2017), but also the likelihood that the introduced taxa will become
invasive and have negative impacts in their new range (Cassey et al. 2004; Lambdon
et al. 2008; Lockwood et al. 2009; Wilson et al. 2009; PySek et al. 2011; Essl et al.
2015).

Such variations, along with the vast number of potential pathways and economic
globalisation have made it difficult to implement pathway-centred legislation and
prevention strategies. To overcome these obstacles, efforts have been made to
classify or aggregate pathways into categories and in so doing facilitate assessments
of their relative importance (Hulme et al. 2008; Essl et al. 2015). Various classifi-
cations have been developed (see Hulme et al. 2008; Wilson et al. 2009) and used in
assessments (e.g. PySek et al. 2011; Measey et al. 2017), with one of these,
developed by Hulme et al. (2008), being modified to form the hierarchical pathway
classification scheme that has been adopted by the CBD (CBD 2014). This scheme
classifies pathways, based on their attributes (e.g. degree of human assistance, means
of transport and subsequent introduction), into six main pathway categories (see
Table 12.1 for explanations and examples of the categories) and 44 subcategories
(Fig. 12.1). The detail required for pathway management depends on the manage-
ment goal (Essl et al. 2015), and the information provided by the hierarchical scheme
can inform management at a number of levels. The six main categories provide
sufficient detail to develop overarching legislation [and also facilitate analyses that
compare trends across regions, taxonomic groups and environments (Hulme et al.
2008)], while the high level of detail provided by the subcategories allows for
decision makers to be better informed, and for tailored regulations and interventions
to be developed and implemented (Essl et al. 2015; Saul et al. 2017).

As biological invasions have major impacts in South Africa (van Wilgen et al.
2001), information on the country’s pathways of introduction is required not only to
meet Aichi Biodiversity Target 9, but also to inform strategies that aim to prevent
invasions by managing introduction pathways. A dataset containing historical intro-
duction data for South Africa was collated during an assessment of South African
alien species databases (Faulkner et al. 2015). The dataset includes information, for
taxa introduced to South Africa, on taxonomy, and date and pathway of introduction,
with the pathway of introduction data classified using the scheme developed by
Hulme et al. (2008) (see Faulkner et al. 2015, 2016 for details on the methodology
followed). The dataset has been used in previous published assessments of
South Africa’s pathways of introduction (see Faulkner et al. 2016), but has been
subsequently updated (see van Wilgen and Wilson 2018) using the pathway classi-
fication scheme adopted by the CBD. This update was necessary to assess the status
of South Africa’s pathways of introduction using recently developed indicators for
national level assessments of biological invasions (Wilson et al. 2018). The indica-
tors, however, not only consider the role the pathways play in introducing alien taxa,
but also their prominence or socio-economic importance. Therefore, in order to
populate the indicators for South Africa, socio-economic data and socio-economic
forecasts for the pathways were also obtained from a variety of sources (see van
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Fig. 12.1 The current and forecasted status of the pathways of introduction. The number of taxa
introduced (No. taxa); changes to the rate of introduction in the last full decade in comparison to that
of the previous decade (NK, not known; up arrow, increase; down arrow, decrease; dash symbol,
minimal change; times symbol, no introductions); the socio-economic importance of the pathways
(NK, not known; PNP, pathway not present; Min, minimal; Mod, moderate; Maj, major) and
forecasted changes to socio-economic importance (NK, not known; up arrow, increase; down
arrow, decrease; dash symbol, minimal change; up arrow / down arrow, increase or decrease).
The pathways were categorised using the scheme adopted by the Convention on Biological
Diversity (CBD 2014). See van Wilgen and Wilson (2018) for information on data sources and
the methodology followed (redrawn from Faulkner and Wilson 2018)
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Wilgen and Wilson 2018 for the raw data and details on the methodology followed).
In this chapter, we present these historical and socio-economic data as well as
additional information, and discuss how alien taxa have been introduced to and
dispersed within (referred to in this chapter as ‘pathways of dispersal’) South Africa.
We demonstrate how these pathways have changed over time and discuss the socio-
economic factors that have driven these changes. The pathways that are currently
facilitating the introduction and within-country dispersal of alien taxa are addressed,
and how the pathways might change in the future are discussed. While the pathways
of introduction and dispersal are discussed broadly, more detail is provided for some
pathways that demonstrate important aspects or trends.

12.2 How Have Taxa Been Introduced to and Dispersed
Within South Africa?

12.2.1 Importance of the Pathways of Introduction
and Dispersal

Alien taxa have been introduced to South Africa through a wide variety of pathways
(Fig. 12.1). Many plant taxa have been intentionally imported by the ornamental
plant trade, or have been introduced for agriculture (Fig. 12.1). These plants have
subsequently escaped from gardens or cultivation, and many have become invasive
(Faulkner et al. 2016). Several vertebrates have been imported intentionally and
released for purposes like fishing (Figs. 12.1 and 12.2, also see Box 12.1; Weyl et al.
2020, Chap. 6), and most of these introductions have resulted in invasions (Faulkner
etal. 2016). A large number of invertebrates have been released as biological control
agents (Figs. 12.1 and 12.2; Hill et al. 2020, Chap. 19), and none of the agents
released to control alien plants in South Africa in the last 100 years have been
reported to cause negative impacts (Moran et al. 2013). While many alien taxa have
been intentionally imported into the country, alien organisms have also entered the
country accidentally (Fig. 12.2). For example, as contaminants on imported goods
like plants or parts thereof (e.g. wood or fruit), or as stowaways on transport vessels
such as ships (Fig. 12.1). The majority of taxa that are known to have been
accidentally introduced are invertebrates (Fig. 12.2), and several of these taxa have
subsequently become invasive (Faulkner et al. 2016). Some organisms that have
been introduced to neighbouring countries have also spread unaided into
South Africa; however, no alien taxa are known to have spread into the country
through human-built corridors that connect previously unconnected regions
(Fig. 12.2). Information on the pathways of introduction for many of the taxa
introduced to South Africa is not available (Fig. 12.2), with these data more likely
available for taxa that are well known or widespread and those that are intentionally
introduced (Faulkner et al. 2016). Additionally, there may be many taxa that have
been introduced but that have not been recorded (McGeoch et al. 2012). It is likely
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Fig. 12.2 The number of invertebrates, plants and vertebrates introduced to South Africa through
the pathways of introduction [categorised into the main categories of the scheme adopted by the
Convention on Biological Diversity (CBD 2014)], and the number of taxa for which pathway of
introduction was unknown. For details on the compilation of this dataset see Faulkner et al. (2015,
2016) and Faulkner and Wilson (2018)

that many of these introductions were accidental, particularly for invertebrates, and
so the importance of stowaway and contaminant introductions may be
underestimated (Faulkner et al. 2015, 2016; Janion-Scheepers and Griffiths 2020,
Chap. 7, Sect. 7.3).

Once introduced, alien taxa have also dispersed within South Africa through
numerous pathways. However, native taxa are also being transported from their native
range and are being introduced elsewhere in the country where they are alien [referred
to as ‘extralimital species’ (Measey et al. 2017)] (Faulkner and Wilson 2018). Alien
and native taxa have been traded and transported all over South Africa by the public
[e.g. plants in the aquatic plant trade (Martin and Coetzee 2011) and medicinal plant
trade (Byrne et al. 2017)], or have been intentionally transported to new regions and
released [e.g. release of fish in new river systems for angling (see Box 12.1)] (Faulkner
and Wilson 2018). These taxa have also been accidentally transported within
South Africa as contaminants of transported goods or as stowaways on transport
vehicles (e.g. ships, aeroplanes and cars), while many alien taxa have spread through-
out the country unaided [e.g. Sturnus vulgaris (European Starling)] (Faulkner and
Wilson 2018). In contrast to introductions to the country, some taxa have dispersed
within the country along human-built corridors to regions where they previously did
not occur [see Box 12.2 for an example] (Faulkner and Wilson 2018).
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Fig. 12.3 The number of new taxa introduced to South Africa through the pathways of introduction
[categorised into the main categories of the scheme adopted by the Convention on Biological
Diversity (CBD 2014)] each decade since 1650. For details on the compilation of this dataset see
Faulkner et al. (2015, 2016) and Faulkner and Wilson (2018)

12.2.2 Changes Over Time to the Pathways of Introduction
and Dispersal

Based on the available data, it appears that most of the taxa introduced to
South Africa could have been intentionally imported and then were released or
escaped from confinement. However, the pathways through which alien taxa have
been introduced to and dispersed within the country have changed over time
(Fig. 12.3). An understanding of these changes and their socio-economic drivers is
vital to inform the management of pathways. Below we discuss the introduction and
dispersal of alien taxa during four phases of introduction [the pre-colonial period
(before 1650), the colonial period (1650-1910), the post-colonial period
(1910-1994), and the period following South Africa’s democratisation
(1994-2018)], and we give suggestions on potential future trends.

Box 12.1 Releases for Fishing

Angling for recreation and food has been a major pathway for the introduction
of alien fish globally and in South Africa. Thirteen alien fish species have been
intentionally introduced to South Africa since 1859 to provide opportunities
for sport fishing (figure below). Initially, the dissatisfaction of British colonists
with the lack of ‘suitable’ native angling fish resulted in the introduction
and subsequent establishment of Cyprinus carpio (Common Carp) in 1859,

(continued)
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Box 12.1 (continued)

Salmo trutta (Brown Trout) in 1890, Salvelinus fontinalis (Brook Trout) in
1890, Oncorhynchus mykiss (Rainbow Trout) in 1894 and Salmo salar (Atlan-
tic Salmon) in 1896 (Ellender and Weyl 2014). Later, other globally prized
sport fish species were also introduced, such as Micropterus salmoides (North
American Largemouth Bass) in 1928 and Micropterus dolomieu (Smallmouth
Bass) in 1937.
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The number of alien taxa introduced to South Africa for fishing each decade since 1800. For
details on the compilation of this dataset see Faulkner et al. (2015, 2016) and Faulkner and
Wilson (2018)

Multiple introductions (figure below), which ensured high propagule pres-
sure, combined with climate matching maximised the chances of establish-
ment, and only a few species (e.g. Atlantic Salmon and Brook Trout) failed to
establish. A massive recreational fishery developed around alien fish and with
the help of acclimatisation societies and state supported formal stocking pro-
grams, popular angling species were spread throughout South Africa and in
some cases further into Africa (Weyl et al. 2017). For instance, the first
successful African introductions of Brown Trout were from Scotland to
KwaZulu-Natal (in 1890) and England to the Western Cape (in 1892). The
establishment of hatcheries in KwaZulu-Natal (1890), the Western Cape
(1894), and the Eastern Cape (1897) facilitated the distribution of Brown
Trout within South Africa and then as a bridgehead into other African coun-
tries (1907—1964) and even Marion Island in the sub-Antarctic (see Measey
et al. 2020, Chap. 27, Sect. 27.3.4; Weyl et al. 2017).

(continued)
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Box 12.1 (continued)
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Major introduction routes of Salmo trutta (Brown Trout) from Britain, France, South Africa
and Kenya into other African countries: Britain to (A) KwaZulu-Natal (1890) and (B) the
Western Cape (1892) of South Africa, (E) Malawi (1906) and (F) Kenya (1905). From
South Africa to (C) other localities in South Africa, (D) Lesotho (approx. 1907-14),
(H) Swaziland (1914), (G) Zimbabwe (1907), (E) Malawi (1932-34), (J) Tanzania (1934)
and (K) Marion Island (1964). From France to (I) Madagascar (1926) and from (F) Kenya to
(L) Ethiopia (1967) (redrawn from Weyl et al. 2017)

(continued)
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Box 12.1 (continued)

As alien sport fishes are widely dispersed within the country, demand for
new species for fishing is low, and as a result no new alien fish have been
introduced to South Africa for fishing since the 1980s. Due to this and as
legislation exists to regulate their introduction, new alien fish are unlikely to be
introduced to South Africa for fishing in the future. However, and despite the
legislation in place, alien fish are still intentionally dispersed within the
country for angling.

12.2.2.1 Pre-colonial Period (Before 1650)

The first known deliberate introductions to South Africa occurred around 2000 years
ago when small groups of hunter-herders infiltrated the country from further north in
Africa (Deacon 1986; Sadr 2015). At the time, there were few pathways of intro-
duction, and most of the alien taxa known to have been introduced during this time
were intentionally transported into the country from elsewhere in Africa for agricul-
tural and medicinal purposes (Deacon 1986; Henderson 2006; Sadr 2015). The first
taxa known to be introduced to South Africa included Ovis aries (Sheep), Bos taurus
(Cattle), Capra hircus (Goats) and Canis familiaris (Dogs), however, as farmed
animals were highly valued and were targeted by predators, these organisms were
unlikely to escape and establish (Deacon 1986; Thompson 2000). Cereals and other
food crops (like Sorghum and Millet) were introduced around 250 AD (Deacon
1986), while other early intentional introductions included plants for medicinal
purposes like Catharanthus roseus (Madagascar Periwinkle) (Henderson 2006)
and Ricinus communis (Castor-oil Plant), which was possibly introduced more
than 1200 years ago (Henderson 2006; but see Deacon 1986). The movement of
people and animals during this period also facilitated accidental introductions.
Medicago polymorpha (Bur Clover), for example, has a long association with
humans in Africa with archaeological evidence of the species in South Africa from
around 760 AD (Deacon 1986; Henderson 2006). As the prickly burs of this plant
(Fig. 12.4) get entangled in wool it is possible that the plant was introduced along
with sheep (Deacon 1986). Accidental introductions were also facilitated by early
trade, and Rattus rattus (House Rat) was likely introduced in 700-800 AD by Arab
traders moving along the east coast of Africa (Deacon 1986; Richardson et al. 2003;
Measey et al. 2020, Chap. 5, Sect. 5.3.1).

Although during this period some introduced organisms could have dispersed
unaided within the country, the dispersal of most introduced taxa would have largely
depended on human movements and, therefore, would have been limited. It is
therefore unlikely that major invasions occurred and although some of the taxa
introduced during this period have become invasive (e.g. R. communis and
R. rattus), these invasions may have been driven or influenced by processes that
have subsequently occurred. For example, R. rattus has been introduced multiple
times to the country, including through shipping (Aplin et al. 2011; Bastos et al.
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Fig. 12.4 Medicago polymorpha (Bur Clover) could have been introduced to South Africa as early
as around 760 AD, possibly entangled in the wool of sheep brought into the country from elsewhere
in Africa (Deacon 1986) (photograph courtesy of J.M. Kalwij)

2011; Measey et al. 2020, Chap. 5, Sect. 5.3.1), and new genetic material introduced
with more recent introductions could have increased the species’ invasiveness
(Richardson et al. 2003; Wilson et al. 2009; Garnas et al. 2016).

Box 12.2 Human Built Corridors That Connect River Basins

South Africa is arid, with many areas receiving less than 500 mm of rainfall
each year. For this reason there are few permanent rivers and the Orange River,
which drains an area of almost 1 million kmz, accounts for 85 % of the fresh
water flow. To stabilise water supply for human and agricultural use in arid
areas, 26 major inter-basin water transfer schemes have been constructed in
South Africa (Slabbert 2007). These schemes connect previously isolated
catchments and create continuous dispersal opportunities for many aquatic
organisms (Rahel 2007). For example, the Orange-Fish-Sundays inter-basin
water transfer scheme (figure below), which was completed in 1978, has
resulted in the dispersal of Orange River fishes, including Labeobarbus aeneus
(Smallmouth Yellowfish), Clarias gariepinus (African Sharptooth Catfish) and
Labeo capensis (Orange River Mudfish), into the Great Fish and Sundays
Rivers. Known impacts of these introductions include competition with and
predation on native biota (Ellender and Weyl 2014; Weyl et al. 2016) and
hybridisation between the Orange River Labeo and Eastern Cape populations
of the closely related Moggel L. umbratus (Ramoejane et al. 2019).

(continued)
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12.2.2.2 Colonial Period (1650-1910)

The colonial period was characterised by waves of human immigration, with each
additional influx of immigrants bringing with them new alien taxa. At the end of the
fifteenth century, in an effort to discover a sea route from Europe to Asia, the
Portuguese circumnavigated the Cape of Good Hope (Davenport and Saunders
2000; Thompson 2000; Ross 2012). By the end of the sixteenth century this sea
route was used by merchant mariners from various European countries and ships
would regularly stop at the Cape Peninsula to obtain fresh water and barter with local
pastoralists for Sheep and Cattle (Thompson 2000; Ross 2012). Spurred by the high
sickness and mortality rates of sailors, caused by their limited shipboard diet, the
Dutch East India Company (the Vereenigde Oostindische Compagnie or VOC)
established a small, permanent settlement in the Cape in 1652 (Davenport and
Saunders 2000). The VOC intended to produce fresh fruit, vegetables and grains
for their passing ships (Karsten 1951), and thus many of the taxa introduced at the
time were for agriculture (Deacon 1986). However, plants were also introduced by
the VOC for medicinal purposes (Scott and Hewett 2008), including Scurvy Grass
(Cochlearia sp.), which was introduced in 1656 to treat scurvy, a condition affecting
many sailors because their shipboard diet lacked vitamin C (Karsten 1951).
According to Jan van Riebeeck’s (Commander of the Cape from 1652 to 1662)
journal and letters, approximately 100 plants were introduced and tested for culti-
vation in the Western Cape (Table 12.2). During this period, plants were also
introduced for horticultural purposes (Table 12.2) and, for example, the ornamental
plant Oenothera biennis (Common Evening Primrose) was introduced in 1772
(Henderson 2001; Bromilow 2010). Although the Dutch introduced relatively few
alien taxa (Fig. 12.5; also see Deacon 1986), these taxa originated from a wider range
of locations than previous introductions, including from Europe [e.g. Quercus robur
(English Oak) and Pinus pinaster (Cluster Pine)] and North America [e.g. Opuntia
ficus-indica (Mission Prickly Pear)] (Henderson 2006). See Measey et al. (2020,
Chap. 5, Sect. 5.3) for introductions of mammals and birds during this period.

During this period, transport infrastructure was limited to small streets in Cape
Town and tracks that led to restricted parts of the country (Mitchell 2014a). Exten-
sive exploratory journeys were undertaken inland, but such movements were hin-
dered by the country’s adverse geographical and topographic features [e.g. no
navigable rivers (Mitchell 2014a)]. As a consequence, introductions were limited
to the Western Cape (Deacon 1986), and there was probably little human-assisted
dispersal of alien taxa.

Globally, the rate at which alien taxa were introduced to new regions remained
low until the 1800s, when the industrial revolution, an increase in international trade,
and the colonisation of new regions by millions of Europeans, resulted in a steady
increase in the rate of introduction (Hulme 2009; Seebens et al. 2017). These global
socio-economic trends also influenced introductions in South Africa, and while the
rate of introduction increased slightly following the arrival of the Dutch, it began to
dramatically increase in the early 1800s when the British colonised the country
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Fig. 12.5 The number of new taxa introduced to South Africa every decade since 1650. For details
on the compilation of this dataset see Faulkner et al. (2015, 2016) and Faulkner and Wilson (2018)

(Fig. 12.5). The growing number of goods and people transported to South Africa at
the time likely caused some existing pathways of introduction to increase in impor-
tance (Fig. 12.3). However, during this period alien taxa were also introduced for a
wider variety of purposes, new technologies were developed and, as a consequence,
important new pathways of introduction arose (Fig. 12.3). Although intentional
introductions for purposes such as agriculture, horticulture and medicine continued,
alien taxa began to be intentionally introduced for other purposes, including for
forestry, fishing (see Box 12.1) and to ‘improve’ the local fauna and flora (introduc-
tions for aesthetic reasons to ‘improve’ the local biota or to augment local species
with organisms that were familiar to settlers). Additionally, accidental introductions
through new pathways, such as biofouling on ships (see Box 12.3), began to be
recorded. For previously existing pathways, there was also an increase in the sources
from which alien taxa were introduced. For example, indentured labourers drafted
from India (in the 1860s), China (from 1904 to 1908) and elsewhere in southern
Africa [from 1890 (Callinicos 1987; Flint 2006)] introduced new medicinal systems,
such as Indian Ayurvedic medicine, and as a result medicinal plants such as Ginger,
Turmeric, Fennel and Camphor, along with new undocumented species, were
introduced from these regions (Wojtasik 2013).

Box 12.3 Stowaways Introduced Through Ballast Water and Hull
Fouling

Many alien marine organisms have been transported to South Africa by ships,
either attached to the hulls and submerged niche areas of ships (termed
‘biofouling’ or ‘hull fouling’) or within the ballast water used to adjust the
stability of ships (figure below). Following the establishment of the Dutch
colony in 1652, many ships began to visit South Africa. However, it was only

(continued)
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Box 12.3 (continued)

in 1852 that the first marine alien species [the bryozoan Virididentula dentata
(previously known as Bugula dentata)] was recorded (Busk 1852). At the
time, wooden ships were in use and dry ballasts (e.g. rocks and sand) were
used for stability (Griffiths et al. 2009). As a consequence, the first marine
introductions included fouling organisms (e.g. bryozoans and barnacles),
wood-boring organisms [e.g. shipworms like Teredo navalis (Noble 1886)]
and intertidal species that were accidentally loaded with dry ballast. During
this time, Table Bay, Port Elizabeth and Durban harbours were the primary
ports (Mitchell 2014c) and these, along with the naval harbour at Simon’s
Town [where the shipworm Lyrodus pedicellatus was detected (Moll and
Roch 1931)], probably played an important role in early marine introductions.

20
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The number of alien taxa introduced to South Africa through hull fouling and the release of
ballast water each decade since 1800. For details on the compilation of this dataset see
Faulkner et al. (2015, 2016) and Faulkner and Wilson (2018)

In the 1900s, increasing trade resulted in an increase in the number of ships
visiting South Africa, new harbours were developed (e.g. Richards Bay and
Saldanha Bay in the 1970s), existing harbours were improved (e.g. Cape Town
and Durban) (Griffiths et al. 2009; Mitchell 2014c), and larger, faster steel
vessels, using ballast water for stability, began to frequent South African
waters (Warren 1998; Richardson et al. 2003; Griffiths et al. 2009). Together,
these developments resulted in an increase in the number of shipping facili-
tated introductions (figure above). Additionally, the change to metal hulls and
the use of ballast water meant that while fouling organisms were still being
transported, wood-boring organisms were not, and the introduction of benthic
and planktonic organisms, as well as organisms with planktonic larval stages,
became more common (Griffiths et al. 2009).

(continued)
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Box 12.3 (continued)

Currently, South Africa has eight major maritime ports (Richards Bay,
Durban, East London, Ngqura, Port Elizabeth, Mossel Bay, Table Bay and
Saldanha Bay), which were visited in 2016 by more than 8000 ocean going
vessels (Transnet National Ports Authority 2017). Globally, efforts have been
made to prevent ballast water and biofouling introductions. Introductions
associated with ballast water are being addressed through the International
Convention for the Control and Management of Ships’ Ballast Water and
Sediments (BWM Convention), which was adopted in 2004 (IMO 2004), but
only entered into force in September 2017 (IMO 2017). While ships are often
coated with anti-fouling paint, currently no international agreement deals with
biofouling and many anti-fouled vessels can still transport alien taxa (Moser
etal. 2017). Although biofouling appears to be playing an important role in the
dispersal of marine alien taxa to (Griffiths et al. 2009; Mead et al. 2011; Peters
and Robinson 2017) and within South Africa [particularly on recreational
yachts (Peters and Robinson 2017; Peters et al. 2019)], there are currently
no plans in place to manage biofouling introductions (figure below).

Introduced marine organisms attached to the hull of a yacht in a South African marina
(photograph courtesy of K. Peters)

Due to the BWM Convention, in the future there could be a reduction in the
number of introductions associated with ballast water. However, with the
continuous increase in trade and future harbour developments [all major
ports, except Mossel Bay, will be upgraded and expanded in the future
(Transnet National Ports Authority 2014)], without management intervention,
biofouling is likely to remain an important pathway for the introduction and
within-country dispersal of marine alien taxa.
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Following British occupation, the country’s population expanded and settlements
developed in what are now the Eastern Cape and KwaZulu-Natal (Deacon 1986).
With the discovery of diamonds (1867) and gold (1870), the population expanded
further and moved into the interior of the country (Deacon 1986). Roads were built
to link the mines to main ports and the large-scale construction of railways began
(Mitchell 2014a, b). The development of settlements in new areas and the building of
transport infrastructure meant that the introduction of alien taxa was no longer
confined to the Western Cape, and the increased movement of goods and people
around the country likely facilitated the within-country dispersal of alien taxa (see
Box 12.1 for an example).

Many of the taxa introduced through the pathways that arose, or became more
important during this period, have become invasive and have had major impacts. For
example, Opuntia ficus-indica, which was introduced by the Dutch (Henderson 2006),
as well as many of the taxa introduced for forestry [like Acacia mearnsii (Black
Wattle), Hakea drupacea (Sweet Hakea) and Pinus halepensis (Aleppo Pine) (Rich-
ardson et al. 2003)], horticulture [like Lantana camara (Lantana) (Henderson 2001;
Bromilow 2010)], fishing [like Salmo trutta (Brown Trout) (Weyl et al. 2017)] and to
‘improve’ the local flora and fauna [like Sturnus vulgaris (European Starling) and
Sciurus carolinensis (Grey Squirrel) (see Measey et al. 2020, Chap. 5, Sect. 5.3)].

12.2.2.3 Post-colonial Period (1910-1994)

Global trade continued to increase gradually in the first half of the twentieth century,
but from 1950 began to accelerate (Hulme 2009). This increase was facilitated by
important technological developments, including containerisation and aviation,
which allowed for increasing amounts of goods and people to be rapidly transported
around the world (Hulme 2009). Globalisation and the increasing intensity and speed
of trade and travel had a large impact on the introduction of alien taxa (Hulme 2009).
Although during the first half of the twentieth century the global rate of introduction
gradually increased, with temporary declines during the world wars, after 1950 there
was an exponential increase in the rate at which alien taxa were introduced around
the world (Seebens et al. 2017). Similar to what was seen globally, and mirroring
trends in South Africa’s commodity imports (Fig. 12.6), the rate at which taxa were
introduced to South Africa increased during the twentieth century, with a particularly
large increase after 1950 (Fig. 12.5). Technological developments also affected the
pathways through which taxa were introduced to South Africa (for an example see
Box 12.3). Further development of transport networks, and increasing traffic along
them, led to some existing pathways becoming more important in the introduction of
alien taxa. These pathways included those that facilitate the introduction of stow-
away and contaminant organisms (Fig. 12.3). For instance, Mytilus galloprovincialis
(Mediterranean Mussel), a widespread marine invasive species, was detected in the
late 1970s and was likely introduced as a stowaway by ships, either through
biofouling or in ballast water (Branch and Nina Steffani 2004; Robinson et al.
2020, Chap. 9). However, new technologies also led to the development of new
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Fig. 12.6 The value of South African merchandise imports. Data for 1908-1959 were obtained
from the United Nations (1962), and data for 1960-2012 were obtained from The World Bank
(2014). All import values were converted to 2010 US dollars

pathways of introduction. For example, particularly short-lived taxa began to be
transported accidentally to South Africa by hitchhiking on aeroplanes. These taxa
include the blow-fly Calliphora vicina (European Bluebottle), which was first
reported in the country in 1965 near what is now OR Tambo International Airport
in Johannesburg (Picker and Griffiths 2011).

During this period, the pathways of introduction were also influenced by other,
shifting socio-economic factors. Changing human interests probably caused the
importance of some pathways to decline and others to increase. For example,
introductions to ‘improve’ the local fauna and flora stopped due to a shift in societal
norms (Seebens et al. 2017), but introductions for the pet trade increased (see Box
12.4). An increasing awareness of the impacts of biological invasions also affected
the pathways of introduction (see Box 12.5). The desire to control alien taxa
perceived as pests led to the intentional import and release of beneficial alien taxa
as biological control agents. The first biological control agent introduced against an
alien plant in South Africa (Dactylopius ceylonicus) was released in 1913 to control
the spread of Opuntia monacantha (Drooping Prickly Pear) (Moran et al. 2013;
Janion-Scheepers and Griffiths 2020, Chap. 7; Hill et al. 2020, Chap. 19). Following
this very successful programme, the rate at which alien taxa were introduced for
biological control increased until the 1980s, after which there was a decline (see
Appendix 2 in van Wilgen and Wilson 2018). The decline in the release of agents to
control invasive plants was due to improved release standards combined with
regulatory and bureaucratic complications (Klein 2011; Klein et al. 2011). Increased
research efforts to understand the ecology and hosts of agents led to a decline in the
number of agents released to control insect pests (Cock et al. 2016). During the
1900s, international agreements (for an example see Box 12.5) and national legis-
lation [e.g. Conservation of Agricultural Resources Act (Act No. 43 of 1983),
Agricultural Pests Act (Act No. 36 of 1983), and Animal Diseases Act (Act
No. 35 of 1984)] related to the movement and introduction of harmful alien taxa
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were also initiated. The implementation of control measures related to these instru-
ments might have reduced introductions through some pathways (for examples see
Boxes 12.1 and 12.5), however, this is difficult to prove and changing fashions or
other socio-economic factors could have played a role (see Box 12.1).

Box 12.4 Escaped Pets

More than a billion ornamental fish are traded as pets globally each year
(Whittington and Chong 2007), while the trade in other animals is dominated
by birds, reptiles and relatively fewer mammals (Bush et al. 2014). The pet
trade is known to have caused some important and high impact invasions
globally. This can occur when the pet itself is released or escapes from
captivity; examples include Python bivittatus (Burmese Python) in the Ever-
glades in Florida (e.g. Dove et al. 2011); Felis catus (Domestic Cat), which is
generally regarded as one of the worst invaders globally but which has been
most devastating on islands (e.g. Nogales et al. 2004); and Carassius auratus
(Goldfish), which is an aquatic ecosystem engineer that can increase turbidity
and nutrient loading in rivers and lakes (Crooks 2002). However, the pet trade
can also contribute to invasions when the organisms that are associated with
some pets are introduced alongside them [for example, amphibians that are
infected with the devastating chytrid fungus (Scheele et al. 2019)] or when
associated organisms are sold [e.g. plants sold, often with fish, in the aquarium
trade (Martin and Coetzee 2011)].

The pet trade in South Africa consists of many vertebrates, of which fish,
amphibians and reptiles have been studied in the greatest detail (van Wilgen
et al. 2008; van der Walt et al. 2017), but also invertebrates like tarantulas
[~200 species (Shivambu 2018)], insects, scorpions and gastropods [~35
species (Nelufule 2018)]. For some groups the number of individuals and
species imported for the pet trade has increased over time (van Wilgen et al.
2010), and there has been an increase in the number of pet taxa that have
escaped or have been released from captivity (first figure below). Given the
high impacts caused by some introduced pets elsewhere in the world, it seems
surprising that the importance of the pet trade as a source for major invaders
seems to be relatively minor in South Africa, besides the classical examples of
Cats and Dogs that have caused massive impacts on local fauna where they
have been introduced (Hagen and Kumschick 2018). Many vertebrates and
invertebrates in the pet trade (e.g. second figure below) have not established
populations outside of captivity or are not (yet) problematic (van Wilgen et al.
2008; Measey et al. 2020, Chap. 5, Sect. 5.2). For example, Psittacula krameri
(Rose-ringed Parakeet), is known to cause high impacts in other areas where
introduced, but has only recently established populations in Durban (Hart and
Downs 2014) and Johannesburg (Measey et al. 2020, Chap. 5, Sect. 5.3.2).

(continued)
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Box 12.4 (continued)
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The number of alien pet taxa in South Africa that escaped or were released each decade since
1650. For details on the compilation of this dataset see Faulkner et al. (2015, 2016) and
Faulkner and Wilson (2018)

A tarantula sold in the pet trade in South Africa (photograph courtesy of C. Shivambu)

(continued)
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Box 12.4 (continued)

If the new NEM:BA regulations are followed, no new taxa should be
introduced through the pet trade without a risk assessment that shows that
they are not a threat to the country. However, illegal trade in pets is fairly
common (Rosen and Smith 2010) and online trade poses a considerable risk
for the importation of potentially invasive taxa (Derraik and Phillips 2010). A
further challenge for managing the pet trade is that animals may be incorrectly
labelled or misidentified, with the result being that the true identity of these
taxa remains unknown (Collins et al. 2012). The main risks therefore currently
stem from pets which are already present in captivity, and those established in
the wild which might become invasive given enough time and opportunity
(e.g. van Wilgen et al. 2008).

Many of the socio-economic factors (e.g. the development of new technologies)
that influenced the introduction of alien taxa during this period also played a role in
within-country dispersal. The advent of the internal combustion engine and the
development of motor vehicles spurred the construction of a road network in
South Africa in the first half of the twentieth century (Mitchell 2014a). This
development, as well as many others [e.g. the further expansion of the harbour
system (see Box 12.3)] probably facilitated the intentional and accidental dispersal
of alien taxa within the country. For instance, the within-country dispersal of Corvus
splendens (House Crow) was probably aided by ships travelling along the coast
(Dean 2000; Lever 2005; Measey et al. 2020, Chap. 5, Sect. 5.3.2), while inter-basin
water transfer schemes constructed during this period facilitated the dispersal of fish
to new river systems (see Box 12.2; Weyl et al. 2020, Chap. 6).

Box 12.5 Contaminants on Imported Plants and Plant Products

Plants and their products have a long history of being moved around the world
by humans, and along with these plants, terrestrial invertebrates have been
accidentally transported and introduced to regions where they are not native
(figure below). One of the first known plant contaminant introductions to
South Africa occurred in 1886, when Daktulosphaira vitifoliae (Grape Phyl-
loxera) was imported along with grapevine planting material (de Klerk 1974).
As this species had devastating impacts in Europe, its introduction initiated the
development and implementation of South Africa’s first plant quarantine
measures.

(continued)
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Box 12.5 (continued)
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The number of alien taxa introduced to South Africa as plant contaminants each decade since
1650. For details on the compilation of this dataset see Faulkner et al. (2015, 2016) and
Faulkner and Wilson (2018)

Over time, there has been an increase in the quantity of plants and plant
products imported into South Africa—including live plants for horticulture,
agriculture or forestry, and plant products for consumption (e.g. fruit). In an
effort to prevent the accidental introduction of plant contaminants, legislation
and biosecurity measures have been implemented at national and international
levels. For example, the International Plant Protection Convention (IPPC) was
developed in 1952, and South Africa enacted the Agricultural Pests Act in
1983. Based on these regulations, a permit is required to import any
unprocessed plants and plant products into South Africa, with these permits
also usually stipulating that a phytosanitary inspection must be performed
upon arrival in South Africa (figure below). Additionally, to reduce the within-
country dispersal of plant contaminants, the transportation of certain plants
within the country is restricted [e.g. citrus propagation material to prevent the
spread of Candidatus Liberibacter africanus (Citrus Greening Disease) and its
vector, Trioza erytreae (African Citrus Psyllid) (DAFF 2018)]. While
South Africa has a good track record of intercepting contaminant organisms
on agricultural imports (Saccaggi and Pieterse 2013), and as a consequence
remains free of a number of widely distributed agricultural pests [e.g.
Hypothenemus hampei (Coffee Berry Borer) (CAB International 2018) and
Aculus schlechtendali (Apple Rust Mite) (Plantwise Knowledge Bank 2018)],
biosecurity is not infallible and incursions do occur [e.g. Bactrocera dorsalis
(Oriental Fruit Fly) in 2010 (Manrakhan et al. 2015)]. Furthermore, while the
movement of certain plants within the country is restricted (DAFF 2018),
implementation of the regulations is problematic and spread of contaminant
organisms is difficult to control.

(continued)
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Box 12.5 (continued)
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Arthropods detected on imported Kiwifruit (Actinidia deliciosa) in South Africa. Anti-
clockwise from top: Frankliniella intonsa (Thripidae), Tuckerella japonica (Tuckerellidae),
Brevipalpus sp. (Tenuipalpidae) and Oribatida (two species) (photograph courtesy of
D. Saccaggi)

Plant imports are largely driven by consumer demand and, therefore, the
volume and diversity of these imports to South Africa is likely to continue to
increase in the future. As a consequence of this, as well as technological
(e.g. e-commerce) and political developments, implementing phytosanitary reg-
ulations is becoming increasingly challenging (Saccaggi et al. 2016). The pro-
posed free trade zone within Africa [African Continental Free Trade Area
(AfCTFA)], for example, is likely to pose a particular challenge. If implemented,
goods will be freely transported within the region and phytosanitary regulations
will only be applied at the first point of entry. The development of a clear
phytosanitary framework that is consistently implemented across the entire
region would be essential to address this challenge.

12.2.2.4 Post-democratisation Period (1994-2018)

After South Africa’s democratisation in 1994, commodity imports increased further
(Fig. 12.6), the country’s trading partners expanded (Ahwireng-Obeng and
McGowan 1998), and new infrastructure was developed [e.g. the harbour at Ngqura
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Fig. 12.7 South African ports of entry. Any person wishing to enter into or depart from
South Africa can only legally do so through these points. Information was obtained from the
South African Department of Home Affairs (2017) (redrawn from Faulkner and Wilson 2018)

near Port Elizabeth was built in the 2000s (Mitchell 2014¢)]. Today, people, goods
and transport vessels can enter South Africa through 72 official ports of entry,
including eight maritime ports, ten airports and 54 land border posts (Fig. 12.7,
and see Faulkner and Wilson 2018). Over time, the number of people entering
South Africa has increased, and over 21 million people, including over 10 million
tourists (World Tourism and Travel Council 2017), entered the country in 2016
(Fig. 12.8, and see Faulkner and Wilson 2018). The contribution the tourism and
travel industry makes to South Africa’s Gross Domestic Product has increased over
time (Fig. 12.9, see Faulkner and Wilson 2018). As alien taxa are often transported
within the luggage of tourists, this pathway is an example of many socio-
economically important pathways that are increasing in their importance
(Fig. 12.1) and that, as a result, could be playing an increasing role in facilitating
introductions (Faulkner and Wilson 2018).

It is, therefore, not surprising that many pathways are facilitating the introduction
of alien taxa to South Africa, and that for many pathways (see Boxes 12.3, 12.4 and
12.5) the rate of introduction has recently increased or remained constant (Fig. 12.1,
see Faulkner and Wilson 2018). As an example, hunting generates a total estimated
revenue of ZAR 2.61 billion, and the hunting market in South Africa has increased
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Fig. 12.8 The number of people arriving in South Africa by air, road and sea transport in 2006 and
2016. Data were obtained from Statistics South Africa (2017). Note the differing y-axes 