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Invasive alien plants in South Africa: how well do
we understand the ecological impacts?
David M. Richardson and Brian W. van Wilgen

This paper examines the evidence for the effects of invasive alien
plants in natural and semi-natural ecosystems in South Africa.
Invasive alien plants are concentrated in the Western Cape, along
the eastern seaboard, and into the eastern interior, but there is a
shortage of accurate data on abundance within this range. Most
information on site-specific impacts comes from the fynbos biome,
and is generally poor for other biomes. The consequences of
invasions for the delivery of ecosystem goods and services to
people are, with the notable exception of their influence on water
resources, inadequately studied. Our understanding of many of the
broader aspects of invasion ecology needs to be enhanced, and we
identify important challenges for research to address critical
gaps in knowledge. Priorities for future research include the
development of a predictive understanding of the rates of spread of
invasive alien plants, and the development of achievable goals for
ecosystem repair after clearing, including measurable criteria for
assessing the success of restoration. Climate change could
significantly exacerbate problems with invasive species and work
is needed to accommodate plausible trajectories in planning and
management frameworks. Perhaps the greatest challenge for
South African ecologists is to address the twin issues of skills
development and social transformation, to ensure that adequate
and relevant ecological expertise is maintained to meet future
research and management needs. Formal collaboration between
organizations to address capacity building and educational
transformation in the field of invasion ecology would represent a
significant step forward.

Introduction
This account provides a brief overview of alien plant invasions
in South Africa, with special emphasis on what is known about
their consequences, including those affecting the delivery of
ecosystem goods and services. We draw on published and
unpublished sources, and highlight some important research
challenges in invasion ecology that need to be met if we are to
address critical gaps in our understanding. Although South
Africa has problems with invasive alien organisms from most
major taxonomic groups1, here we deal only with alien plant
invasions in natural and semi-natural terrestrial and freshwater
ecosystems.
Human communities and natural ecosystems worldwide are
under siege from a growing number of destructive invasive alien
species (including disease organisms, agricultural weeds, and
insect pests). These species erode natural capital, compromise
ecosystem stability, and threaten economic productivity. The
problem is growing in severity and geographic extent as global
trade and travel accelerate, and as human-mediated disturbance
a
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and increased dissemination of propagules makes ecosystems
more susceptible to invasion by alien species.
Besides their effects on agriculture, forestry and human
health, biological invasions are also widely recognized as the
second-largest global threat (after direct habitat destruction) to
biodiversity2,3. In many parts of the world, the most challenging
and time-consuming tasks of conservation biologists and
managers are those relating to controlling alien species, preventing impacts and, increasingly, repairing systems damaged by
aliens4.
South Africa has a long history of problems with invasive alien
species, and of research and management of biological invasions
(Table 1). The Working for Water programme26–28 was started in
1995 to conduct and coordinate alien-plant management
throughout South Africa. The programme initially worked only
in watersheds and riparian areas, but now leads alien-plant
management initiatives in all natural and semi-natural ecosystems. It has grown into one of the world’s biggest programmes
dealing with invasive alien species. The enterprise’s success has
been attributed to its multi-faceted and cross-disciplinary nature
that has enabled it to leverage local and international funding
and continuing political support. The programme is driven by
multi-disciplinary ecological, hydrological, social and economic
goals. In practice it has focused on hydrological and social
concerns (as embodied in the name of the programme), and its
ecological goals are less clearly defined. The extent to which the
aim of improving the ecological integrity of natural ecosystems
through the control of invasive alien plants has therefore not
always been clear to both programme participants and other
stakeholders.
In this paper, we examine the ecological evidence for the
impacts of invasive alien plants on South African ecosystems. We
begin with a brief review of what is known about the extent of
invasions and influences of these plants, and then discuss the
consequences for the delivery of ecosystem goods and services
to people. However, the emerging field of invasion ecology
addresses issues beyond the effects of invasive species. The
different aspects of invasion ecology can be related to the critical
stages of invasion, and these stages also provide a useful framework for classifying the management interventions that are
required to deal with the problem (Box 1). Our understanding of
many of the broader aspects of invasion ecology needs to improve,
and we use this framework to suggest the main challenges for
research that will address critical gaps in knowledge and that
will serve explicit management needs.
Components of impact
Appreciation of the effects of invasive alien plants is a
multi-scale problem, summarized by the equation I = R × A ×
E.33 Impact (I) is intuitively the product of the (potential)
geographical range of the invader (R), its (potential) abundance or density (A), and the effect (E) of an individual invader
or the measurable impacts at the smallest spatial scale. We
explore our understanding of each of these components in what
follows.
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Table 1. Main research initiatives on alien plant invasions in South Africa.
Research programmes

Organization(s)

Duration

Examples of important scientific outputs

Biological control of invasive alien plants

Department of Agriculture; Plant Protection
Research Institute, Agricultural Research
Council; Universities of Cape Town and
Rhodes

Initiated 1930 –
ongoing.

Synthesis volumes5,6

Catchment conservation research programme

South African Forestry Research Institute

1973–1990

Detailed studies on key invaders and invasion processes7–10

South African National Programme for Ecosys- Council for Scientific and Industrial
tem Research
Research (CSIR)

1977–1985

Regional syntheses

Scientific Committee on Problems of the Environment (SCOPE), programme on biological
invasions

CSIR and many participating organizations.

1982–1986

Synthesis volumes

South African Plant Invaders Atlas

Plant Protection Research Institute,
Agricultural Research Council

1975 – ongoing

Handbook; and detailed distribution
studies16,17

Invasive plant ecology programme

Institute for Plant Conservation, University
of Cape Town

1994 – ongoing

Synthesis volumes, conceptual contributions
and application to management of invasions
in the Cape Floristic Region18–23

Working for Water programme

Department of Water Affairs and Forestry

1996 – ongoing

First countrywide assessment of extent of
woody plant invasions;24 Best-management
practices proceedings25

11–14

15

Geographical range of the problem
Several estimates have been made of the
spatial extent of alien plant invasions in South
Africa. A rapid reconnaissance in 1996/9734
suggested that about 10 million hectares of
South Africa has been invaded (most of it
sparsely) by the approximately 180 species
that were mapped. This survey identified
mainly woody invaders that impact on water
resources. The most comprehensive set of
records for the whole country is the South
African Plant Invaders Atlas (SAPIA).16,35 The
SAPIA data demonstrate the overall magnitude of the problem, and show that the greatest number of species occurs in the Western
Cape, along the eastern seaboard and into the
eastern interior (Fig. 1).
Of South Africa’s eight terrestrial biomes,
fynbos is the best-studied and clearly the
most invaded biome. There are dense invasions in the mountains and lowlands and
along all the major river systems36,37. The
principal invaders are trees and shrubs in Fig. 1. The distribution of invasive alien plant species in South Africa. Data are from the South African Plant
the genera Acacia, Hakea and Pinus. Several Invaders Atlas.16,35 Shading indicates the number of species listed as ‘abundant’ in each quarter-degree cell.
studies have also produced very detailed distribution maps at finer scales for regions within the biome19,23. and the thicket biome in the Eastern Cape36. Information on the
The forest biome has been heavily invaded but the extent cannot distribution of invasive alien grasses in South African ecosysbe accurately quantified36. The grassland and savanna biomes tems is poor39.
have also been extensively invaded. Important species here inData from the South African Plant Invaders Atlas 35 provides
clude Australian wattles (Acacia species), other tree species, and a some quantification of the extent of invasions in forest, fynbos,
variety of woody scramblers (notably triffid weed, Chromolaena grassland, karoo (no distinction was made between Nama and
odorata, and brambles, Rubus species). Invasions are densest Succulent Karoo biomes in the SAPIA database) and savanna
along the banks and in the beds of the rivers; few, if any, river sys- biomes. Most invasive species have been recorded from savanna
tems have not been extensively invaded. Invading trees such as (294 species in 653 quarter-degree squares) and grassland
jacaranda (Jacaranda mimosifolia) and syringa (Melia azedarach) biomes (293 in 624 squares). The smallest biomes, fynbos and
have spread into semi-arid savanna by spreading along peren- forest, stand out as having fewer recorded invasive species (156
nial rivers. In the Nama Karoo woody invaders, notably mes- in 153 squares and 191 in 165 squares, respectively), but many
quite (Prosopis species), have invaded large areas of alluvial more invasive species in these biomes were recorded as
plains and seasonal and ephemeral watercourses. Several cacti abundant (44% and 51%, respectively). SAPIA has 113 species
(Opuntia species) and saltbushes (Atriplex species) have invaded records assigned to ‘karoo’ (480 squares; 25% of species have
large areas of the Nama Karoo and Succulent Karoo biomes38 been recorded as abundant).
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Box 1. Elements of invasion ecology.
INVASION ECOLOGY IS THE STUDY OF THE

human-mediated introduction of organisms,
especially introductions to areas outside the
potential range of given organisms as defined by their natural dispersal mechanisms
and biogeographical barriers. The field
addresses all aspects relating to the introduction of organisms, their ability to establish, naturalize and invade in the target
region, their interactions with resident organisms in their new location, and the consideration of costs and benefits of their presence
and abundance with reference to human
value systems.
Transition from ‘native’ in a given locality to
‘alien’ in another place involves a number of
stages that may be illustrated with reference
to a series of barriers, depicted by A–F in the
figure. Few introduced species overcome all
potential barriers; most alien species do not
become widespread and abundant in new
habitats and have little or no measurable impact. Those that overcome the barriers may
have substantial effects. These species are
the subject of this paper.
The development of an understanding of
the relationship between the species concerned and the barrier in question, can be
used to define fields of study, indicated at the
bottom of the diagram. Similarly, aspects of
invasive alien plant management can be related to the phases of the invasion process,
and these are indicated at the top of the diagram. Information generated by research in
the various fields of study can be used to
support the development and improvement
of management approaches.
Fundamental research questions in invasion ecology15,31 can also be related to this
scheme. These questions include: 1) why
are some species more successful invaders

Schematic representation of the phases between introduction to a locality and establishment and proliferation in natural (undisturbed) environments. The ability of a given species to overcome a series of
barriers in the new environment defines its current (not necessarily ultimate) status as an alien. Barriers
indicated in the diagram are: A, main geographical barriers; B, local environmental barriers; C, reproductive barriers; D, dispersal barriers; E, environmental barriers (disturbed habitats); and F, environmental barriers (undisturbed habitats). This scheme objectively defines ‘casual’, ‘naturalized’ and
‘invasive’ species. Some species that overcome barrier F may become ‘transformers’29,30 and are of
principal concern to managers

than others? [all barriers]; 2) why are some
systems more susceptible to invasions than
others? [barriers B–F]; and 3) how can the
harmful impacts of invasions be prevented,
reduced or mitigated? [mainly barriers C–F].
Consideration of ecosystem-level impacts in
natural and semi-natural ecosystems (the

Five major aquatic weeds have spread over large areas in
South Africa. These are water hyacinth (Eichhornia crassipes),
water lettuce (Pistia stratiotes), Kariba weed (Salvinia molesta),
parrot’s feather (Myriophyllum aquaticum) and red water fern
(Azolla filiculoides). Of these, water hyacinth is the most significant and damaging weed. It is widespread throughout South
Africa and severely affects rivers in the Western and Eastern
Cape, KwaZulu-Natal, Mpumalanga and on the Vaal River in
the Gauteng and Free State provinces.
In addition to the existing invasions, that many invasive
species already here have not fully occupied the potential
suitable habitat,17 and new species are regularly being added to
the list of invaders. South Africa has one of the biggest problems
with alien plant invasions of any country in world.
Abundance and density
Data on the geographical distribution of invasive alien plant
species provide information at one level. However, it is important to know, at finer scales, how abundant or dense invasive
species can become. The only systematic source of data on
species abundance comes from the SAPIA database, which
records the abundance of species in different categories. These

focus of this paper) is mainly relevant for
species that overcome barrier F. Since prevention of invasions is the best way of avoiding the consequences, 3 2 all preceding
phases and transitions (indicated by arrows)
must also be considered when assessing
impacts.

data confirm what can readily be observed — 68 species were
recorded as ‘abundant’ (the highest category) in more than 15%
of the quarter-degree squares where they were mapped. It is also
known that many species form closed-canopy stands in many
ecosystems. These include pines and hakeas (Pinus and Hakea
species) in fynbos, wattles (especially Acacia mearnsii), eucalypts
(especially Eucalyptus camaldulensis), and giant reed (Arundo donax),
along rivers, mesquite (Prosopis species) in dry riverbeds in arid
areas, and lantana (Lantana camara) in Eastern Cape grasslands.
Many aquatic weeds form dense closed mats in freshwater
ecosystems. Our understanding of the extent of invasions at
different densities is poor, however, and this limits our ability to
predict impacts for the whole country.
Impacts of alien invasive plants
Global reviews of the effects of plant invasions suggest that the
most damaging species transform ecosystems by using excessive
amounts of resources (notably water, light and oxygen), by
adding resources (notably nitrogen), by promoting or suppressing fire, by stabilizing sand movement and/or promoting
erosion, by accumulating litter or by accumulating or redistributing salt.29 Such changes potentially alter the flow, availability
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or quality of nutrient resources in biogeochemical cycles; they
modify trophic resources within food webs; and they alter
physical resources such as living space or habitat, sediment, light
and water.40 Invaders are most likely to have substantial effects
on ecosystems (acting as ‘ecosystem engineers’41) by rapidly
changing disturbance regimes.42 We explore the evidence from
South African ecosystems here by examining the known consequences of invasive alien plants on ecosystem structure, composition and processes — the building blocks of biodiversity.43
Most South African research on alien-plant impacts has
focused at small spatial scales (plots or communities), and much
of this work has been in the fynbos biome. This research has
shown that dense stands of alien trees and shrubs in fynbos can
rapidly reduce abundance and diversity of native plants at the
scale of small plots.44,45 As regards mechanisms for this attrition,
studies in dense stands of Port Jackson willow (Acacia saligna)
have documented the decline of soil-stored seed banks of native
plants, leading to the local extinction of native species.46,47 Such
invasions also greatly increase biomass48,49, and change litterfall
dynamics50 and nutrient cycling51–55. These changes have
marked, and varied, effects on fire regimes.42,56 In the lowlands,
alien annuals reduce small-scale diversity of native herbs.57 Tree
and shrub invasions in fynbos change many aspects of faunal
communities.58 Studies have documented altered abundance
and composition in native ant communities, with implications
for the seed dispersal functions of native plants.59 The altered
feeding behaviour of native generalist birds that disperse seeds,
with likely detrimental effects on native species, has also been
described.60,61
Studies from other biomes have produced scattered information on impacts. In arid savannas, the widespread replacement
of native Acacia-dominated communities by alien Prosopis
species radically changes bird habitats, leading to reduced
species richness and diversity. These changes include the elimination of raptors and reductions in frugivores and insectivores.62
In mesic savannas, Chromolaena odorata invasions in riparian
areas increase shading on riverbanks, leading to altered sex
ratios of native Nile crocodiles due to reduced soil temperatures
in nests.63 In the coastal zone (on Robben Island in Table Bay),
invasive Acacia cyclops provides nesting opportunities for rare
African penguins.64 Our understanding of the extent and effects
of alien grass invasions in South Africa is poor.39
Despite widespread concern over the significant ecosystemlevel consequences of invasive alien plants, impacts at this scale
are inadequately studied in South Africa. For example, the very
dense stands of prickly pear (Opuntia ficus-indica) that covered
large areas of central South Africa in the first part of the 20th
century drove ranchers off their land,65 but no data are available
to describe processes leading to these outcomes, nor have the
impacts themselves been adequately documented.
In aquatic ecosystems, dense mats of invasive water hyacinth
are often quoted as resulting in the deterioration of aquatic
biodiversity and changes to water chemistry and oxygen levels.66 However, systematic studies of these impacts are lacking in
South African ecosystems, and much of the evidence is based on
undocumented observations.
Other consequences likely to be significant, but not thoroughly
studied, in South Africa include the increased availability
(amount and diversity) of seed resources for frugivorous birds,
and reduced food supplies for insectivorous birds. Such effects
are probably very common, with effects that ripple through
trophic levels.
At a national scale, several studies have documented the
effects of alien plants (usually without a clear distinction
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between planted and invasive stands) on habitats for vertebrate
animals. Patterns for several bird species are most dramatic.
These include range expansions of the hadeda ibis (Bostrychia
hagedash),67 acacia pied barbet (Tricholaema leucomelas),68 southern
masked weaver (Ploceus velatus),69 and many tree-nesting
raptors.70 Replacement of grasslands with plantations of alien
trees has reshuffled abundances of bird species at the regional
scale. For example, in Mpumalanga, where 90 bird species are
characteristic of grasslands and 65 characteristic of woodlands,
woodland species have benefited from afforestation (conversion
of grassland and woodland to forest).71 On the other hand,
species diversity of grassland birds, and globally threatened
grassland birds in particular, was significantly reduced in
proportion to the extent of conversion from grassland to stands
of alien trees. This study dealt largely with plantations of alien
trees, but the results are indicative of changes due to alien tree
invasions in these systems. Although these investigations
have focused largely on the dynamics and dimensions of the
range of the bird species, such range changes indicate pervasive
alterations to many ecosystem features. For example, transformation of grassland and shrublands into thickets of alien trees
alters soil properties, with substantial effects on herbivores and
soil fauna.
Although we know something about how invasive alien plants
influence ecosystem structure and functioning, few studies have
explored the dynamics of links between those properties, or how
such changes affect the capacity of ecosystems to deliver goods
and services to people. In the next section we address the
need for improving our understanding of such links, and the
challenge of scaling up.
Impacts of alien plant invasions on the delivery of goods
and services
Large parts of South Africa still have natural or semi-natural
vegetation.72 Even in areas where human activities have
degraded or transformed habitats, goods and services provided
by these ecosystems still contribute substantially to human
well-being26,73. Invasive alien plants affect, via the altered functioning of ecosystems, the capacity of the latter to deliver goods
and services. It is becoming increasingly important for ecologists
to be able to express the benefits of expenditure on ecosystem
management and conservation in terms of such goods and
services. This is particularly relevant in South Africa, where,
given the emphasis on social benefits embodied in the new
constitution, limited government funding is available for direct
allocation to alien-plant management. Assessing effects on
goods and services has not been an explicit focus of studies on
invasion ecology (Box 1). This needs to be addressed if ecologists
are to make meaningful contributions to policy debates.
Most South African research that has explicitly addressed the
links between alien plant invasions and ecosystem goods and
services has dealt with water resources. These studies are
reviewed elsewhere,28,74–77 but there are other examples of goods
and services that are influenced by invasions (Table 2). In the
absence of documented links between invasions, ecosystem
integrity, and goods and services, this discussion can only
highlight a few obvious cases where such connections can be
observed. The need for detailed studies remains.
Besides direct effects in the form of reduced streamflow,
invasive alien plants have clear consequences for the ecological
integrity of catchment areas. For example, invasion of fynbos
catchment areas increases biomass and fuel loads, leading to
enhanced fire hazard and soil erosion.78 As a result, the ability of
catchments to store water for steady release throughout the year
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Table 2. Examples of goods and services provided by South African ecosystems and ways in which they are influenced (or potentially so) by invasive alien plants.
Goods and services offered

Biomes or zones

Invasive alien species impacting
on goods and services

Impact of invasive species

Water discharge

Fynbos, grassland

Wattles (Acacia species), pines (Pinus species)
and gums (Eucalyptus species).

Reduced streamflow, and reduced yields from
dams

Maintenance of soil stability in
fire-prone catchments

Mountain catchments

Hakeas (Hakea species) and pines (Pinus
species).

Increased fire intensity induces water repellency
and increased erosion.

Replenishment of sand on
beaches

Coastal zone

Rooikrans (Acacia cyclops)

Binding of sand, beach erosion

Timber

Indigenous forest and
woodlands

Triffid weed (Chromolaena odorata)

Provides ‘ladder fuels’ carrying fire to tree
canopies

Cat’s claw creeper (Macfadyena unguis- cati)

Destruction of forest/woodland canopy

Grazing for livestock and wildlife

Grassland, savanna,
karoo

Wattles (Acacia species), tussock grasses
(Nasella species), cacti (Opuntia species),
mesquite (Prosopis species)

Reduced grazing potential

Recreation

Aquatic, riparian

Aquatic weeds, mainly water hyacinth
(Eichhornia crassipes)

Reduced capacity for boating, canoeing, waterskiing, fly fishing

Fishing

Estuaries

Wattles (Acacia species), pines (Pinus species)
and gums (Eucalyptus species).

Reduced freshwater input to estuaries and
altered frequency of mouth breaching

(an ecosystem service) is compromised. Invaded and burnt
watersheds are denuded of soil, and runoff after rain is rapid,
causing flooding, damage to property and infrastructure, and
siltation.78,79 The extent and consequences of these impacts at
regional scales are poorly understood.
In coastal zones, stabilization of naturally mobile sand dunes
through increased plant cover and root biomass of planted and
invasive rooikrans (Acacia cyclops) has altered coastal sediment
movements (an ecosystem service that replenishes sand on
beaches subject to continuous marine erosion). This has led to
massive beach depletion that threatens coastal developments in
the Eastern and Western Cape provinces.80
The provision of recreational opportunities is another important ecosystem service that is often adversely affected by invasion. For example, recreational fishing is a pastime of large
numbers of people, and supports a significant economic sector. Opportunities for fishing are affected by invasion of
waterbodies by floating aquatic species, and of riverbanks by
alien trees. Such impacts have potentially significant knock-on
effects for the creation of ecotourism opportunities, which can
be significant (J.A. Cambray, pers. comm.).
Besides services, ecosystems deliver tangible goods in the form
of food and fibre for consumption by humans or their domestic
livestock. Some examples of direct consequences for the production of these goods include the invasion of palatable rangelands
by unpalatable alien plants (for example, jointed cactus, Opuntia
aurantiaca, and mesquite, Prosopis species), which reduce grazing
potential; the displacement of native flora suitable for flower
harvesting (for instance, the invasion of fynbos by pines, hakeas
and wattles); or the potential destruction of timber resources
from indigenous forests by invasive creepers such as cat’s claw
creeper (Macfadyenia unguis-cati).81 Although these outcomes are
readily observable, few studies have quantified them in terms of
the regional-scale delivery of ecosystem goods. The indirect or
secondary impacts of invasions on goods and services are even
more difficult to quantify. For example, reductions in runoff
resulting from the invasion of upper watersheds by alien trees
will affect the discharge of fresh water into estuaries. This, in
turn, will affect the dynamics of estuaries (such as the frequency
of opening and closing of the mouth and resultant sediment
dynamics82), with consequences for the suitability of estuaries as

nursery sites for important marine fish species. It is thus possible
that invasion of mountain catchment areas could have consequences for fish yields from marine ecosystems, but the links
have not been clearly demonstrated.
In aquatic ecosystems, thick mats of water hyacinth sometimes
have serious consequences and cause problems for all aspects of
water utilization66. These outcomes include: reduced quality of
drinking water owing to bad odours, taste, colour and turbidity;
promotion of waterborne, water-based and water-related diseases
(such as malaria, encephalitis and filariasis); increased siltation
of rivers and dams; diminished areas for fishing and water
transport; deterioration of aquatic biodiversity; blocking and
preventing anchorage; clogging of irrigation canals and pumps;
and enhanced flood damage to road and rail bridges and hydroelectric power schemes. For these, quantitative studies at
appropriate scales are lacking.
The above examples, although few in number and not
representative of all the ecosystems affected by alien plant
invasions in South Africa, indicate that the consequences for
ecosystem goods and services are widespread and profound.
Further work is required to enable us to scale-up our understanding of these invasions, in general and in detail, in terms of
their implications for the benefits that these systems deliver.
Such insights are crucial for ‘mainstreaming’83 concerns about
the effects of invasive alien species on local, regional and
national economies to ensure appropriate management actions.
Studies of the impacts of invasive alien plants should also
acknowledge that some invasive alien species (including those
that cause significant changes to natural ecosystems) may also
have considerable value. This has resulted in conflicts of interest
in several spheres. Conflicts are most pronounced where
invasive species underpin large commercial activities, such as
plantation forestry (Pinus species);84–86 where they provide firewood (many Acacia species),87 food (Opuntia species),88 fodder
(Prosopis species), building materials (Arundo donax, Acacia
saligna), agroforestry components,89 or nectar for bees (Eucalyptus species);90 and where they have aesthetic or utilitarian value
(ornamentals, shade trees or windbreaks). The science of
invasion ecology (Box 1) has a role to play in informing these
(often polarized) debates,91,92 but has only recently begun to do
so.85,86,89
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Conclusions
Considerable research effort has been expended on studying
the impacts of invasive alien plants in South Africa. As is the case
worldwide, most studies have documented changes to ecosystem properties, less often to processes and functions. We have
highlighted many areas where the understanding of invasion
ecology in a South African context is tenuous. On the other hand,
South African research has made a disproportionably large
contribution to invasion ecology considering the limited
resources available to do so.93 Local ecologists have played
important roles in many research, synthesis, and implementation initiatives, including the SCOPE programme on biological
invasions,94,95 the Global Invasive Species Programme96 and
through pivotal contributions leading to the establishment of
the Working for Water programme.26,27 Advances in our understanding of invasion ecology (Box 1) have had, as is the case
worldwide97, rather limited effect on management initiatives.
We are inadequately equipped to prevent the introduction of
new species, to detect and eradicate potentially dangerous
organisms before they become major problems. And, at best, we
are only partially equipped to deal with the full suite of species
that are already a problem. More focused attention must be
given to those aspects of invasion ecology that are most directly
relevant to management. In this section, we discuss some
aspects that seem to qualify for priority treatment in South
Africa.
Our review has emphasized the paucity of well-documented
accounts of the impacts of invasions, and of robust models
enabling us to scale-up our predictions of consequences for
goods and services. The development of such models demands a
better understanding of the results of invasions at fine scales.
Such outcomes vary with species, soil type, and disturbance
regime. There is some potential for improved prediction based
on well-studied invasions in other parts of the world, but local
studies at carefully selected sites are essential. We need to determine the possible ranges of the invasive species already present,
as well as the potential extent of species with a high risk of invading in the future.17 Alien grasses have been inadequately studied
in South Africa. Their importance as invaders is increasing in
many parts of the country,39 and this is likely to be exacerbated
by climate change.98 Further studies here are also a priority. For
realistic scenario development, we need to improve our understanding of rates of naturalization and spread. Some previous
attempts to predict impacts of invasion have used rather simplistic approaches for simulating spread.99–101 Estimates of the
economic outcomes of invasion at a national scale have been
found to be sensitive to assumptions relating to rates of
spread,101 indicating that greater understanding of this aspect of
invasion ecology would improve the accuracy of impact predictions. Good progress has been made with mechanistic modelling
of plant invasions.22,23,102,103 Such advances have, however, yet to
be incorporated into policy and have thus had limited effect on
management to date.
The issue of ecosystem repair after clearing also requires attention. Many ecosystems, especially when sparsely invaded or
even densely invaded for a short time, can recover after clearing
without further management intervention, but others cannot.
Some work on restoration ecology has been conducted in the
fynbos biome,104 but more research is needed in all areas affected
by invasions. Given the scale at which clearing operations are
being conducted, we require improved understanding of how
to manage ecosystem recovery. This is especially critical for
riparian systems, which are usually densely invaded, and subject to erosion after clearing. Such research should define achiev-
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able goals for repair, provide measurable criteria for assessing its
success, and develop protocols for the incorporation and monitoring of repair goals into management programmes.
Climate change also needs to be addressed. Altered climate
patterns could have significant consequences for the distribution of alien plant species.98 Some alien species that are currently
non-invasive or only naturalized and/or which persist as
isolated populations could become (more) invasive as climates
change. Interactions among the many factors mediating invasion dynamics, and the interactions between alien and native
biota, are extremely difficult to predict under changed climatic
conditions. The complexity of understanding how climate
change might affect the dynamics of invasion in South Africa
was recently illustrated for Prosopis.98 This study showed that the
factors affecting potential trajectories for Prosopis species are so
numerous, and uncertainties so great, that very little confidence
could be placed in any predictions. Careful consideration should
be given to defining research priorities in this arena to avoid
wasted effort. An overarching aim of any research in this field
should be to identify those species that pose the greatest risks
and the areas likely to face the greatest pressure from invasive
species. This would improve our ability to take pre-emptive
action.
Along with the daunting challenges outlined above, is the
socio-political dimension. The Working for Water programme
has been acclaimed internationally for its innovative approach
to leveraging funding for invasive-plant management by addressing environmental and socio-political priorities to the benefit of both.93,97 Further strategic innovations are needed to direct
appropriate research in the field of invasion ecology while
giving attention to capacity building and social transformation.
The current generation of experienced ecologists in South Africa
were largely trained under the auspices of the South African
Cooperative Scientific Programmes of the CSIR105 and their
associated activities. There is no obvious successor to these
programmes, and the country’s ability to address ecosystem
management will be compromised unless new ecologists can be
trained and find gainful employment.106 At the same time there is
a need to diversify the ranks of South African ecologists so that
they better reflect the demographics of the country. The country
is fortunate in having a small but vibrant body of ecologists on
which such diversification can build.107 It is imperative that these
scientists collaborate to address the challenges that lie ahead.
Progress in dealing with the mounting problems caused by invasive alien species demands innovative, multidisciplinary collaboration. There is currently no national centre in South Africa
with the mission of addressing all facets of invasion ecology.
What expertise there is, is thinly spread between a few universities and the science councils. Formal collaboration between
organizations to address all component issues, within a clear
framework of capacity building and transformation, would be a
huge step forward.
The Department of Water Affairs and Forestry partly funded the preparation of this
paper through its Working for Water programme. We thank Karen Esler, Sue
Milton, David Le Maitre and Petr PyÓek for useful comments on the paper, Lesley
Henderson for allowing us to use the SAPIA data for Fig. 1, and Mathieu Rouget for
generating the map in Fig. 1.
1. Macdonald I.A.W., Kruger F.J. and Ferrar A.A. (eds) (1986). The Ecology and
Management of Biological Invasions in Southern Africa. Oxford University Press,
Cape Town.
2. Walker B.H. and Steffen W.L. (1999). Interactive and integrated effects of global
change on terrestrial ecosystems. In The Terrestrial Biosphere and Global Change
Implications for Natural and Managed Ecosystems. Synthesis volume, eds B. Walker,
W. Steffen, J. Canadell and J. Ingram, pp. 329–375. International Geosphere-

Working for Water

South African Journal of Science 100, January/February 2004

Biosphere Program Book Series 4, Cambridge University Press, Cambridge.
3. Wilcove D.S., Rothstein D., Dubow J., Phillips A. and Losos E. (1998).
Quantifying threats to imperilled species in the United States. BioScience 48,
607–615.
4. Byers J.E., Reichard S., Randall J.M., Parker I.M., Smith C.S., Lonsdale W.M.,
Atkinson I.A.E., Seastedt T.R., Williamson M., Chornesky E. and Hays D. (2001).
Directing research to reduce impacts of nonindigenous species. Conserv. Biol.
16, 630–640.
5. Hoffmann J.H. (ed.) (1991). Biological control of weeds in South Africa. Agric.
Ecosyst. Environ. 37, 1–255.
6. Hill M.P. and Olckers T. (1999). Biological control of weeds in South Africa
(1990–1998). African Entomology Memoir no. 1.
7. Richardson D.M., van Wilgen B.W. and Mitchell D.T. (1987). Aspects of the
reproductive ecology of four Australian Hakea species in South Africa. Oecologia
71, 345–354.
8. Richardson D.M. and Bond W.J. (1991). Determinants of plant distribution:
evidence from pine invasions. Am. Nat. 137, 639–668.
9. Richardson, D.M. and Cowling, R.M. (1992). Why is mountain fynbos invasible
and which species invade? In Fire in South African Mountain Fynbos, eds B.W. van
Wilgen, D.M. Richardson, F.J. Kruger and H.J. van Hensbergen, pp. 161–181,
Springer-Verlag, Berlin.
10. Richardson D.M., Macdonald I.A.W., Holmes P.M. and Cowling R.M. (1992).
Plant and animal invasions. In The Ecology of Fynbos: Nutrients, Fire and Diversity,
ed. R.M. Cowling, pp. 271–308. Oxford University Press, Cape Town.
11. Macdonald I.A.W. and Jarman M.L. (1984). Invasive alien organisms in the
terrestrial ecosystems of the fynbos biome. S. Afr. Natn. Sci. Prog. Rep. 85, 1–72.
CSIR, Pretoria.
12. Macdonald I.A.W., Jarman M.L. and Beeston P.M. (eds) (1985). Management
of invasive alien plants in the fynbos biome. S. Afr. Natn. Sci. Prog. Rep. no. 111. CSIR,
Pretoria.
13. Macdonald I.A.W. (1986). Invasive alien plants and their control in southern
African nature reserves. In Proc. Conference on Science in the National Parks,
pp. 63–79. Colorado State University, Fort Collins, Colorado.
14. Macdonald I.A.W. (1988). The history, impacts and control of introduced
species in the Kruger National Park, South Africa. Trans. R. Soc. S. Afr. 46,
251–276.
15. Drake J., Mooney H.A., Di Castri F., Groves R., Kruger F.J., Rejmánek M. and
Williamson M. (eds) (1989). Biological Invasions: A Global Perspective. Wiley,
Chichester.
16. Henderson L. (2001). Alien Weeds and Invasive Plants. A complete guide to declared
weeds and invaders in South Africa. Agricultural Research Council, Pretoria.
17. Nel J.L., Richardson D.M., Rouget M., Mgidi T., Mdzeke N.P., Le Maitre D.C.,
van Wilgen B.W., Schonegevel L., Henderson L. and Neser S. (2004). A
proposed classification of invasive alien plant species in South Africa: towards
prioritising species and areas for management action. S. Afr. J. Sci. 100, 53–64.
18. Rejmánek M. and Richardson D.M. (1996). What attributes make some plant
species more invasive? Ecology 77, 1655–1661.
19. Richardson D.M., van Wilgen B.W., Higgins S.I., Trinder-Smith T.H., Cowling
R.M. and McKelly D.H. (1996). Current and future threats to biodiversity on the
Cape Peninsula. Biodiv. Conserv. 5, 607–647.
20. Richardson D.M. and Higgins S.I. (1998). Pines as invaders in the southern
hemisphere In Ecology and Biogeography of Pinus, ed. D.M. Richardson,
pp. 450–473. Cambridge University Press, Cambridge.
21. Higgins S.I., Richardson D.M., Cowling R.M. and Trinder-Smith T.H. (1999).
Predicting the landscape-scale distribution of alien plants and their threat to
plant diversity. Conserv. Biol. 13, 303–313.
22. Higgins S.I., Richardson D.M. and Cowling R.M. (2001). Using a dynamic
landscape model for planning the management of alien plant invasions. Ecol.
Appl. 10, 1833–1848.
23. Rouget M. and Richardson D.M. (in press). Inferring process from pattern in
alien plant invasions: a semi-mechanistic model incorporating propagule
pressure and environmental factors. Am. Nat. 162.
24. Versfeld D.B., Le Maitre D.C. and Chapman R.A. (1998). Alien invading plants
and water resources in South Africa: a preliminary assessment. WRC Report
No. TT 99/98 by the CSIR to the Water Research Commission. Pretoria.
25. Preston G., Brown G. and van Wyk E. (eds) (2000). Best management practices for
preventing and controlling invasive alien species. Symposium proceedings.
Working for Water Programme, Cape Town.
26. Van Wilgen B.W., Cowling R.M. and Burgers C.J. (1996). Valuation of ecosystem
services. A case study from South African fynbos ecosystems. BioScience 46,
184–189.
27. Van Wilgen B.W., Le Maitre D.C. and Cowling R.M. (1998). Ecosystem services,
efficiency, sustainability and equity: South Africa’s Working for Water
programme. Trends Ecol. Evol. 13, 378.
28. Van Wilgen B.W., Marais C., Magadlela D, Jezile N. and Stevens D. (2002).
Win-win-win: South Africa’s Working for Water programme. In Mainstreaming
Biodiversity in Development: Case studies from South Africa, eds S.M. Pierce, R.M.
Cowling, T. Sandwith and K. MacKinnon, pp. 5–20. The World Bank,
Washington, D.C.
29. Richardson D.M., PyÓek P., Rejmánek M., Barbour M.G., Panetta F.D. and
West C.J. (2000). Naturalization and invasion of alien plants: concepts and
definitions. Diversity Distrib. 6, 93–107.

51

30. PyÓek P., Richardson D.M., Rejmánek M., Webster G., Williamson M. and
Kirschner J. (in press). Alien plants in checklists and floras: towards better
communication between taxonomists and ecologists. Taxon.
31. Williamson M. (1996). Biological Invasions. Chapman and Hall, London.
32. McNeely J.A., Mooney H.A., Neville L.E., Schei P-J. and Waage J. (eds) (2001).
Global Strategy on Invasive Alien Species. IUCN, Gland.
33. Parker I.M, Simberloff D., Lonsdale W.M., Goodell K., Wonham M., Kareiva
P.M., Williamson M.H., Von Holle B., Moyle P.B., Byers J.E. and Goldwasser L.
(1999). Impact: towards a framework for understanding the ecological effects
of invaders. Biol. Invas. 1, 3–9.
34. Le Maitre D.C., Versfeld D.B. and Chapman R.A. (2000). The impact of invading
alien plants on surface water resources in South Africa: a preliminary
assessment. Water SA 26, 397–408.
35. Henderson L. (1998). South African plant invaders atlas (SAPIA). Appl. Plant Sci.
12, 31.
36. Richardson D.M., Macdonald I.A.W., Hoffman J.H. and Henderson L. (1997).
Alien plant invasions. In Vegetation of Southern Africa, eds R.M. Cowling, D.M.
Richardson and S.M. Pierce, pp. 535–570. Cambridge University Press,
Cambridge.
37. Rouget M., Richardson D.M., Cowling R.M., Lloyd J.W. and Lombard A.T.
(2003). Current patterns of habitat transformation and future threats to
biodiversity in terrestrial ecosystems of the Cape Floristic Region, South Africa.
Biol. Conserv. 112, 63–85.
38. Milton S.J., Zimmermann H.G. and Hoffmann J.H. (1999). Alien plant invaders
of the karoo: attributes, impacts and control. In The Karoo. Ecological patterns and
processes, eds W.R.J. Dean and S.J. Milton, pp. 274–287. Cambridge University
Press, Cambridge.
39. Milton S.J. (2004). Grasses as invasive alien plants in South Africa. S. Afr. J. Sci.
100, 69–75.
40. Vitousek P.M. (1990). Biological invasions and ecosystem processes: towards an
integration of population biology and ecosystem studies. Oikos 57, 7–13.
41. Crooks J.A. (2002). Characterizing ecosystem-level consequences of biological
invasions: the role of ecosystem engineers. Oikos 97, 153–166.
42. Brooks M.L., D’Antonio C.M., Richardson D.M., Di Tomaso J., Grace J.B., Hobbs
R.J., Keeley J.E., Pellant M. and Pyke D. (in press). Effects of invasive alien plants
on fire regimes. BioScience.
43. Noss R.F. (1990). Indicators for monitoring biodiversity: a hierachical approach.
Conserv. Biol. 4, 355–364.
44. Richardson D.M., Macdonald I.A.W. and Forsyth G.G. (1989). Reductions in
plant species richness under stands of alien trees and shrubs in the fynbos
biome. S. Afr. For. J. 149, 1–8.
45. Van den Berckt T. (2000). The ecological effect of Acacia saligna in a Sand Plain
Fynbos ecosystem of the Western Cape, South Africa. M.Sc. thesis, University of
Stellenbosch.
46. Holmes P.M. and Cowling R.M. (1997). The effects of invasion by Acacia saligna
on the guild structure and regeneration capabilities of South African fynbos
shrublands. J. Appl. Ecol. 34, 317–332.
47. Holmes P.M. and Cowling R.M. (1997). Diversity, composition and guild
structure relationships between soil-stored seed banks and mature vegetation
in alien plant-invaded South African fynbos shrublands. Plant Ecol. 133,
107–122.
48. Milton S.J. (1981). Above-ground biomass of Australian acacias in the southern
Cape, South Africa. J. S. Afr. Bot. 47, 701–716.
49. Versfeld D.B. and Van Wilgen B.W. (1986). Impact of woody aliens on ecosystem
properties. In Ecology and Management of Biological Invasions in Southern Africa,
eds I.A.W. Macdonald, F.J. Kruger and A.A. Ferrar, pp. 239–246. Oxford University Press, Cape Town.
50. Milton S.J. (1981). Litterfall of the exotic acacias in the south western Cape.
J. S. Afr. Bot. 47, 147–155.
51. Musil C.F. and Midgley G.F. (1990). The relative impact of invasive Australian
acacias, fire and season on the soil chemical status of a sand plain lowland
fynbos community. S. Afr. J. Bot. 56, 419–427.
52. Musil C.F. (1993). Effect of invasive Australian acacias on the regeneration,
growth and nutrient chemistry of South African lowland fynbos. J. appl. Ecol.
30, 361–372.
53. Witkowski E.T.F. (1991). Effects of invasive alien acacias on nutrient cycling in
the coastal lowlands of the Cape Fynbos. J. appl. Ecol. 28: 1–15.
54. Stock W.D., Wienand K.T. and Baker A.C. (1995). Impacts of invading N2-fixing
Acacia species on patterns of nutrient cycling in two Cape ecosystems: evidence
from soil incubation studies and 15N natural abundance values. Oecologia 101,
375–382.
55. Yelenik S., Stock W.D. and Richardson D.M. (in press). Ecosystem-level impacts
of invasive alien nitrogen-fixing plants. Ecosystem and community-level
impacts of invasive alien Acacia saligna in the fynbos vegetation of South Africa.
Restoration Ecology
56. Van Wilgen B.W. and Richardson D.M. (1985). The effects of alien shrub
invasions on vegetation structure and fire behaviour in South African fynbos
shrublands: a simulation study. J. appl. Ecol. 22, 955–966.
57. Vlok J.H.J. (1988). Alpha diversity of lowland fynbos herbs at various levels of
infestation by alien annuals. S. Afr. J. Bot. 54, 623–627.
58. Breytenbach G.J. (1986). Impacts of alien organisms on terrestrial communities
with emphasis on communities of the south-western Cape. In Ecology and

52

59.
60.
61.
62.
63.
64.

65.

66.
67.
68.
69.
70.
71.

72.
73.
74.
75.

76.

77.
78.
79.
80.
81.

82.
83.

South African Journal of Science 100, January/February 2004

Management of Biological Invasions in Southern Africa, eds I.A.W. Macdonald, F.J.
Kruger and A.A. Ferrar, pp. 229–238. Oxford University Press, Cape Town.
French K. and Major R.E. (2001). Effect of an exotic Acacia (Fabaceae) on ant
assemblages in South African fynbos. Austr. Ecol. 26, 303–310.
Fraser M.W. (1990). Foods of redwinged starlings and the potential for avian
dispersal of Acacia cyclops at the Cape of Good Hope Nature Reserve. S. Afr. J.
Ecol. 1, 73–76.
Knight R.S. and Macdonald I.A.W. (1991). Acacias and korhaans: an artificially
assembled seed dispersal system. S. Afr. J. Bot. 57, 220–225.
Dean W.R.J., Anderson M.D., Milton S.J. and Anderson T.A. (2002). Avian
assemblages in native Acacia and alien Prosopis drainage line woodland in the
Kalahari, South Africa. J. Arid Environm. 51, 1–19.
Leslie A.J. and Spotila J.R. (2001). Alien plant threatens Nile crocodile
(Crocodylus niloticus) breeding in Lake St. Lucia, South Africa. Biol. Conserv. 98,
347–355.
Crawford R.J.M., Boonstra H.G.v.D., Dyer B.M. and Upfold L. (1995).
Recolonization of Robben Island by African penguins, 1938–1992. In The
Penguins: Ecology and Management, eds P. Dann, I. Norman and P. Reilly,
pp. 333–363. Surrey Beatty, Chipping Norton, New South Wales.
Van Sittert L. (2002). Our irrepressible fellow colonist: the biological invasion of
prickly pear (Opuntia ficus-indica) in the eastern Cape, c. 1890 – c. 1910. In South
Africa’s Environmental History: Cases & Comparisons, eds S. Dovers,
R. Edgecombe and B. Guest, pp. 139–159. David Phillip, Cape Town.
Hill M.P., Julien M.H. and Center T.D. (1999). Proceedings of the first IOBC global
working group meeting for the biological and integrated control of water hyacinth.
Plant Protection Research Institute, Pretoria.
Macdonald I.A.W., Richardson D.M. and Powrie F.J. (1986). Range expansion of
the hadeda ibis Bostrychia hagedash in southern Africa. S. Afr. J. Zool. 21, 331–342.
Macdonald I.A.W. (1986b). Range expansion in the pied barbet and the spread
of alien tree species in southern Africa. Ostrich 57, 75–94.
Macdonald I.A.W. (1990). Range expansion of the masked weaver Ploceus
velatus in the Karoo facilitated by the spread of alien mesquite trees. Ostrich 61,
85–87.
Hockey P. (2003). Land invasions. Are indigenous expansionists cause for
concern? Africa — Birds & Birding 8(5), 35–41.
Allen D.G., Harrison J.A., Navarro R.A., van Wilgen B.W. and Thompson M.W.
(1997). The impact of commercial afforestation on bird populations in
Mpumalanga province, South Africa — insights from bird atlas data. Biol.
Conserv. 79, 173–185.
Cowling R.M., Richardson D.M. and Pierce S.M. (eds) (1997). Vegetation of
Southern Africa. Cambridge University Press, Cambridge
Milton S.J., Dean W.R.J. and Richardson D.M. (2003). Economic incentives for
restoring natural capital: trends in southern Africa rangelands. Front. Ecol.
Environm. 1, 247–254.
Binns J.A., Illgner P.M. and Nel E.L. (2001). Water shortage, deforestation and
development: South Africa’s Working for Water Programme. Land Degrad.
Develop. 12, 341–355.
Le Maitre D.C., van Wilgen B.W., Gelderblom C.M., Bailey C., Chapman R.A.
and Nel J.A. (2002). Invasive alien trees and water resources in South Africa:
case studies of the costs and benefits of management. Forest Ecol. Manage. 160,
143–159.
Turpie J.K., Heydenrych B.J. and Lamberth S.J. (2003). Economic value of
terrestrial and marine biodiversity in the Cape Floristic Region: implications
for defining effective and socially optimal conservation strategies. Biol. Conserv.
112, 233–251.
Görgens A.H.M. and van Wilgen B.W. (2004). Invasive alien plants and water
resources: an assessment of current understanding, predictive ability and
research challenges. S. Afr. J. Sci. 100, 27–33.
Van Wilgen B.W. and Scott D.F. (2001). Managing fires on the Cape Peninsula,
South Africa: dealing with the inevitable. J. Med. Ecol. 2, 197–208.
Richardson D.M. and van Wilgen B.W. (1986). The effects of fire in felled Hakea
sericea and natural fynbos and implications for weed control in mountain
catchments. S. Afr. For. J. 139, 4–14.
Lubke R.A. (1985). Erosion of the beach at St Francis Bay, Eastern Cape, South
Africa. Biol.Conserv. 32, 99–127.
Sparks H.E. (1999). The initiation of a biological control programme against
Macfadyenia unguis-cati (L.) Gentry (Bignoniaceae) in South Africa. In Biological
Control of Weeds in South Africa (1990–1998), eds T. Olckers and M.P. Hill,
pp. 153–158. African Entomology Memoir no. 1.
Morant P. and Quinn N. (1999). Influence of man and management of South
African estuaries. In Estuaries of South Africa, eds B.R. Allanson and D. Baird,
pp. 289–320. Cambridge University Press, Cambridge.
Pierce S.M., Cowling R.M., Sandwith T. and MacKinon K. (2002). Mainstreaming
Biodiversity in Development: Case studies from South Africa, The World Bank,

Working for Water

Washington, D.C.
84. Richardson D.M. (1998). Forestry trees as invasive aliens. Conserv. Biol. 12,
18–26.
85. De Wit M.P., Crookes D.J. and van Wilgen B.W. (2001). Conflicts of interest in
environmental management: estimating the costs and benefits of a tree
invasion. Biol. Invas. 3, 167–178.
86. Rouget M., Richardson D.M., Nel J.A. and van Wilgen B.W. (2002). Commercially-important trees as invasive aliens — towards spatially explicit risk
assessment at a national scale. Biol. Invas. 4, 397–412.
87. Higgins S.I., Turpie J.K., Costanza R., Cowling R.M., Le Maitre D.C., Marais C.
and Midgley G.F. (1997). An ecological economic simulation model of mountain
fynbos ecosystems: Dynamics, valuation and management. Ecol. Econ. 22,
155–169.
88. Brutsch M.O. and Zimmermann H.G. (1993). The prickly pear (Opuntia
ficus-indica [Cactaceae]) in South Africa: utilization of the naturalized weed,
and of cultivated plants. Econ. Bot. 47, 154–162.
89. Richardson D.M., Bingelli P. and Schroth G. (in press). Invasive agroforestry
trees — problems and solutions. In Agroforestry and Biodiversity Conservation in
Tropical Landscapes, eds G. Schroth, G. Fonseca, C.A. Harvey, H. Vasconcelos,
and A.M. Izac. Island Press, Washington, D.C.
90. Johannsmeier M.F. and Mostert A.J.N. (1995). South African nectar and pollen
flora. In Beekeeping in South Africa, 3rd edn, ed. M.F. Johannesmeier, pp. 127–148.
Plant Protection Research Institute Handbook No. 14, Agricultural Research
Council, Pretoria.
91. Johns M. (1993). Are all trees green? The spotlight on foresty. Africa: Environment and Wildlife 1, 77–85.
92. Cellier S. (1994). Are all trees green? The forest industry replies. Africa: Environment and Wildlife 2, 79–85.
93. Simberloff D. (2003). Confronting introduced species: a form of xenophobia?
Biol. Invas. 5, 179–192.
94. Macdonald I.A.W., Graber D.M., DeBenedetti S., Groves R.H. and Fuentes E.R.
(1988). Introduced species in nature reserves in mediterranean climatic regions
of the world. Biol. Conserv. 44, 37–66.
95. Kruger F.J., Breytenbach G.J., Macdonald I.A.W. and Richardson D.M. (1989).
The characteristics of invaded mediterranean-climate regions. In Biological
Invasions: A global perspective, eds J. Drake, H.A. Mooney, F. Di Castri, R.H.
Groves, F.J. Kruger, M. Rejmánek and M. Williamson, pp. 181–213, Wiley.
Chichester.
96. Http://globalecology.stanford.edu/DGE/Gisp.
97. Hulme P.E. (2003). Winning the science battles but losing the conservation war?
Oryx 37, 178–193.
98. Richardson D.M., Bond W.J., Dean W.R.J., Higgins S.I., Midgley G.F., Milton S.J.,
Powrie L. Rutherford M.C., Samways M.J. and Schulze R.E. (2000). Invasive
alien organisms and global change: a South African perspective. In Invasive
Species in a Changing World, eds H.A. Mooney and R.J. Hobbs, pp. 303–349.
Island Press, Washington, D.C.
99. Le Maitre D.C., van Wilgen B.W., Chapman R.A. and McKelly D.H. (1996).
Invasive plants and water resources in the Western Cape Province, South
Africa: modelling the consequences of a lack of management. J. Appl. Ecol. 33,
161–172.
100.Van Wilgen B.W., Little P.R., Chapman R.A., Gòrgens A.H.M., Willems T. and
Marais C. (1997). The sustainable development of water resources: history,
financial costs and benefits of alien plant control programmes. S. Afr. J. Sci. 93,
404–411.
101.Van Wilgen B.W., de Wit M.P, Anderson H.J., Le Maitre D.C., Kotze I.M., Ndala
S., Brown B. and Rapholo M.B. (2004). Costs and benefits of biological
control of invasive alien plants: case studies from South Africa. S. Afr. J. Sci. 100,
113–122.
102.Higgins S.I. and Richardson D.M. (1998). Pine invasions in the southern
hemisphere: modelling interactions between organism, environment and
disturbance. Plant Ecol. 135, 79–93.
103.Higgins S.I. and Richardson D.M. (1999). Predicting plant migration rates in a
changing world: the role of long-distance dispersal. Am. Nat. 153, 464–475.
104.Holmes P.M. and Richardson D.M. (1999). Protocols for restoration based on
recruitment dynamics, community structure, and ecosystem function:
perspectives from South African fynbos. Rest. Ecol. 7, 215–230.
105.Huntley B.J. (1987). Ten years of cooperative ecological research in South
Africa. S. Afr. J. Sci. 83, 72–79.
106.Huntley B.J. (1997). Foreword in Vegetation of Southern Africa, eds R.M. Cowling,
D.M. Richardson and S.M. Pierce, pp. xxvii–xxviii, Cambridge University Press,
Cambridge.
107.Gelderblom C.M., van Wilgen B.W., Nel J., Sandwith T., Botha M. and Hauck
M. (2003). Turning strategy into action: implementing a conservation plan for
the Cape Floral Kingdom. Biol. Conserv. 112, 291–297.

