Chapter 14 )
Biotic Interactions as Mediators st
of Biological Invasions: Insights from

South Africa

Johannes J. Le Roux (®, Susana Clusella-Trullas @),
Thabiso M. Mokotjomela ), Mario Mairal », David M. Richardson @),
Lisa Skein @), John R. Wilson @), Olaf L. F. Weyl @, and Sjirk Geerts

Abstract Ecological interactions, especially those that are beneficial
(i.e. mutualism) or detrimental (i.e. parasitism), play important roles during the
establishment and spread of alien species. This chapter explores the role of these
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interactions during biological invasions in South Africa, covering a wide range of
taxonomic groups and interaction types. We first discuss the different ways in which
interactions can be reassembled following the introduction of alien species, and how
these depend on the eco-evolutionary experience of the alien species. We then
discuss documented examples of parasitism and mutualism associated with inva-
sions in South Africa and how these relate to various ecological and evolutionary
hypotheses aimed at explaining species invasiveness. Selected examples of how
invasive species impact on native species interactions are provided. A diverse array
of biotic interactions (e.g. pollination, fish and mollusc parasitism, plant-soil mutu-
alistic bacteria, seed dispersal) have been studied for various invasive species in
South Africa. Surprisingly, only a few of these studies explicitly tested any of the
major hypotheses that invoke biotic interactions and are commonly tested in inva-
sion ecology. We argue that many invasions in South Africa are promising candi-
dates for testing hypotheses related to species interactions and invasiveness.

14.1 Introduction

All organisms interact, directly or indirectly, with other organisms in the environ-
ments in which they find themselves. Direct interactions may benefit both interacting
partners (i.e. mutualism), benefit only one partner (i.e. commensalism), benefit one
partner at the expense of the other (parasitism), or may have no effect on one or both
partners (Fig. 14.1). Symbiotic interactions imply that interacting organisms live in
close physical association with each other for a significant portion of their lives, and
brief interactions like predation, are therefore not viewed as symbiotic. Together
with abiotic environmental conditions, biotic interactions shape the diversity,

SPECIES 1 SPECIES 2
Benefit (+) [ e Benefit (+)
Neutral (0) Neutral (0)
Harm (-) B Ham ()

competition

Fig. 14.1 Different types of ecological interactions based on the benefit, harm or neutral effects on
interacting partners
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structure, and function that underlie biological communities (Post and Palkovacs
2009). Consequently, biological invasions present unique opportunities to explore
the processes that govern the assembly of these interactions and their impact on
population demography and community structure. Many hypotheses in invasion
ecology invoke biotic interactions (Table 14.1), though ultimately, they come
down to the same three processes (mutualism, commensalism or parasitism): during
the introduction process, some interactions might be lost if there is no
co-introduction, but novel interactions might develop through ecological fitting or
co-xenic associations.

14.1.1 Ecological Fitting, Co-xenic Associations,
and Co-introductions

The act of moving a species across a biogeographical barrier often means that it will
lose key biotic interactions that were present in its native range, but experience a
whole suite of new interactions in its alien range. These effects might enhance
performance in the new environment, or provide obstacles to establishment and
subsequent success (Enders et al. 2018). For example, a reduction in, or more
frequently, the total absence of, specialist enemies following introduction can
allow individuals of a species in the alien range to realise greater reproductive output
than individuals in their native source populations (the Enemy Release Hypothe-
ses—ERH, Colautti et al. 2004; see Table 14.1 for a summary of the hypotheses
mentioned throughout this chapter). In general, alien species can reassemble biotic
interactions through: (1) novel associations with organisms native to the new
environment (so-called ecological fitting; Le Roux et al. 2017); (2) associations
between organisms that are both alien to the new environment, but that do not
co-occur in their respective native ranges (so-called co-xenic associations; Nufiez
and Dickie 2014); or (3) co-introduction of interacting partners (the so-called
co-introduction pathway; Le Roux et al. 2017).

All biotic interactions span a continuum of specificity from the viewpoint of both
interacting partners. At the one end of the spectrum, highly specialised interactions
are characterised by those restricted to two species, or even biotypes. On the other
hand, some organisms can interact effectively with a range of different partners,
i.e. being generalists. For mutualistic interactions required for the successful com-
pletion of an organism’s life cycle, such as pollination, levels of specialisation will
have significant impacts on the establishment success of alien species following
introduction into new environments when not co-introduced. The loss of highly
specialised mutualists may hamper establishment success (i.e. Missed Mutualisms
Hypothesis; Catford et al. 2009). This was the case for many Pinus species intro-
duced to the southern Hemisphere in previous centuries, where invasions only
occurred after pine-specific mycorrhizal fungi were introduced (e.g. Richardson
et al. 1994). The loss of generalist interactions intuitively poses less pivotal
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constraints as these can potentially be replaced by novel interactions through
ecological fitting (see Heleno et al. 2012 for seed dispersal example).

As posited by the ERH, the liberation from highly specialised parasitic interac-
tions (such as herbivores or pathogens) will aid establishment success. More than a
century of biological control of invasive plants in South Africa provides strong
support for the role of enemy release in plant invasiveness (Zachariades et al. 2017;
also see Hill et al. 2020, Chap. 19), although the high levels of control observed can
equally be explained by the biological control agents having been released from their
natural enemies. Levels of interaction specificity are also important when consider-
ing interactions between the alien species and resident species (e.g. symbionts) in the
new range, i.e. ecological fitting. That is, establishment success and invasive per-
formance are expected to be enhanced when resident antagonists or predators are
highly specialised and/or resident mutualists are generalist (so called Specialist-
Generalist Hypothesis, Catford et al. 2009).

The different pathways for interaction reassembly (ecological fitting,
co-introduction vs. co-xenic) can have distinct impacts on the establishment success
of aliens, and many of these have been formally described as hypotheses in invasion
ecology. For example, ecological fitting may either enhance or impede the perfor-
mance of introduced species (so-called New Associations Hypothesis; Catford et al.
2009), while co-xenic associations may lead to invasional meltdown, whereby
positive interactions among different invasive species initiate feedbacks that inten-
sify their ecosystem impacts and/or promote secondary invasions by other species
(Simberloff and Von Holle 1999). Co-introduction of mutualists almost always
benefits invaders. In some instances, co-introduced enemies may be less effective,
or may even have an opposite effect, in the new environment (i.e. Enemy Inversion
Hypothesis; Catford et al. 2009). The Enemy of my Enemy Hypothesis can operate
through apparent competition, whereby the enemy ends up causing more damage to
maladapted native species than the alien species, potentially reducing inter-specific
competition between invasive and resident species (Catford et al. 2009). The out-
comes of an introduction (i.e. invasiveness) will therefore to a large degree depend
on the structure of ecological interaction networks in both native and non-native
communities (Fig. 14.2).

14.1.2 The Structure of Ecological Interaction Networks
and Their Infiltration by Invasive Species

Ecological networks with interactions varying in their specificity can show high
levels of nestedness, e.g. if specialist plants in a community only interact with a
subset of the pollinators with which generalist plants interact (Bascompte 2009).
Specialisation also means that species pairs may not have the same chances for
interacting. For example, networks will become modular when host plants only
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Fig. 14.2 Predictions of how mutualist co-introduction versus ecological fitting, in conjunction
with interaction specialisation, may allow alien species interaction web infiltration (adapted from Le
Roux et al. 2017). (I) Communities in both native and invasive ranges (pre-introduction) will have
interaction webs containing both specialist and generalist taxa. (IT) Strong interaction modules may
emerge following the co-introduction of a highly specialised host and its mutualist, (II) whereas
co-introduced generalists are expected to form novel associations (red lines) to replace those lost
during introduction (dashed lines). (IV) Ecological fitting by generalist hosts will only involve
novel associations while, (V) ecological fitting of a highly specialist host may lead to no interactions
and possibly establishment failure of the introduced species

interact with mutualists that they share a co-evolutionary history with, and vice versa
(Bascompte 2009). Therefore, modularity and/or nestedness of networks are depen-
dent on the prevalence of interaction specialisation within communities.

Following introduction, the reassembly of beneficial mutualistic interactions are
clearly more important for successful establishment and subsequent invasion than
the formation of harmful antagonistic interactions. So how do aliens typically
infiltrate existing host-mutualist ecological networks in their new ranges? Empirical
evidence suggests that they are often generalist species and this allows them to
utilise existing mutualists found in their new ranges (i.e. web infiltration through
ecological fitting, e.g. Aizen et al. 2012; Fig. 14.2). On the other hand, highly
specialised hosts, accompanied by their mutualists through co-introduction, can
integrate into native community networks as novel modules, consisting of
interacting (co-introduced) taxa that are not present in native interaction webs
(e.g. Le Roux et al. 2016; Fig. 14.2). This complexity might seem to preclude
prediction, but there are often some general phylogenetic patterns. For example, in
South Africa an interaction network between legumes and rhizobia found invasive
acacias to form strong interaction modules, resulting from interactions between
acacias and Bradyrhizobium strains. Native South African legumes (outside
acacia-rhizobium modules) rarely associated with bradyrhizobia, but largely with
phylogenetically distinct rhizobia (Le Roux et al. 2016).
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14.1.3 Eco-evolutionary Experience and Biological Invasions

Other than specialisation, the phylogenetic composition of recipient communities
can impact on the rate and nature of interaction reassembly, alien species establish-
ment success, and ultimately, invasion. That is, when organisms are introduced into
environments with phylogenetically closely-related congeners, the accumulation of
interactions (especially more specialised associations) is expected to occur more
rapidly compared to environments lacking closely-related taxa (Darwin 1859;
Daehler 2001). Related to this, the successful ecological integration of aliens into
novel community contexts will also rely on the eco-evolutionary experience of both
the introduced species and the recipient community. That is, historical evolution that
has shaped a species’ adaptations to biotic interactions (ecology) in its native range
will be the basis for ease of integration into novel ecological contexts, such as those
underlying species invasions (Saul et al. 2013). The same applies to native species’
responses and eco-evolutionary experience with the newly arriving species. There-
fore, attributes of eco-evolutionary experience on either side, alien versus native, can
be interpreted in terms of the alien species’ invasiveness and the native community’s
invasibility, respectively (Saul et al. 2013).

Integration of alien species into novel community contexts is then itself an
ongoing process that will change over time and likely operate over both short and
long evolutionary timescales, and will be influenced by residence time, i.e. time
since introduction (e.g. Heleno et al. 2012). It is therefore expected that different
insights might emerge when assessing the role of biotic interactions in allowing alien
species to transition along different stages of the introduction-naturalisation-invasion
continuum. While ecological integration is key to becoming invasive, interactions
that are lost following species introductions are obviously important, such as release
from specialist enemies. However, these losses may only be temporary. For widely
established invasive plants, for example, interactions with resident and native her-
bivores and pathogens are expected to accumulate over time (e.g. Crous et al. 2017;
Stricker et al. 2016), and the evolutionary component of such interactions has now
been demonstrated in many cases (e.g. Strauss et al. 2006). The incidence and extent
of such ‘catch-ups’ are expected to increase with residence time, as host abundance,
and thus a possible unexploited resource and its discovery, increases (Carroll et al.
2005).

In this chapter, we review evidence for the role biotic interactions play in
biological invasions in South Africa. Focusing on parasitism and mutualism, we
aim to summarise evidence from South Africa in support of various ecological and
evolutionary hypotheses put forward to explain species invasiveness and that invoke
biotic interactions. We do not treat commensalism in depth here, as this interaction
type is generally not clearly linked to any of the major ecological and evolutionary
hypotheses related to invasibility/invasiveness or hardly studied, and neither do we
focus on invasions in urban ecosystems (see Box 14.1 for a discussion of what has
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been termed human commensals). We do, however, discuss how native species
interactions are impacted as alien species are integrated into the communities they
invade. Lastly, we discuss the future directions for biotic interaction research on
biological invasions in South Africa.

Box 14.1 Human Commensals

Humans are clearly a fundamental driver and mediator of invasions. Alien
species, by definition, owe their presence in an area to human-mediated
introduction (Richardson et al. 2000c). But humans play crucial, often dom-
inant, roles at all stages of the introduction-naturalisation-invasion continuum
(sensu Richardson and Pysek 2012) by, among other things: mediating poten-
tial abiotic barriers; reshuffling the biotas of ecosystems (thereby potentially
mediating biotic barriers posed through competition and other factors); affect-
ing within-region dispersal in many ways (through accidental dispersal during
human activities, cultivation and propagation, e.g. for aquaculture, maricul-
ture, ornamental horticulture, forestry, and the pet trade); and by attempts to
manage these species. The roles of humans in disseminating alien species in
different taxonomic groups, and the diverse effects of people in mediating the
abundance, distribution and impacts of these species are detailed in other
chapters of this book (see Potgieter et al. 2020, Chap. 11; Faulkner et al.
2020, Chap. 12). One aspect that requires attention here, however, relates to
urban environments and the confinement of many alien species to such
environments. This implies that many alien species directly or indirectly
interact with humans to ensure their existence in urban environments. Urban
ecosystems in South Africa are, like those elsewhere in the world, hotspots for
the arrival of alien species. These ecosystems also have the highest species
richness of alien taxa of all habitats. Reasons for this include the demand for
alien species for many purposes, high levels of propagule pressure, concen-
trated opportunities and conduits for dispersal, high levels of disturbance, and
the diversity of habitats and niches provided by human activities. Many
widespread invasive alien species in mainland South Africa are virtually
confined to urban ecosystems. For example, bird invasions in South Africa
are unusual in that all seven alien species with viable populations are strongly
commensal with humans and none of the 48 alien bird species in South Africa
has established viable populations in natural ecosystems (Richardson et al.
2011; Measey et al. 2020, Chap. 5). This is an ongoing natural experiment, but
evidence suggests that while human-built environments provide many oppor-
tunities for alien birds, combined biotic and abiotic pressures present a strong
barrier to the invasion of natural ecosystems in South Africa. Most invasive
mammals in South Africa are also strongly commensal with humans; exam-
ples include the Grey Squirrel (Sciurus carolinensis), the House Mouse (Mus
musculus), the Norway Rat (Rattus norvegicus), the Black Rat (Rattus rattus),

(continued)
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Box 14.1 (continued)

and the Asian House Rat (Ratfus tanezumi) (Richardson et al. 2011; Measey et
al. 2020, Chap. 5). Many widespread alien plants also seem to be confined to
human-dominated ecosystems, for example Tree of Heaven (Ailanthus
altissima; Walker et al. 2017) and Red Valerian (Centranthus ruber; Geerts
et al. 2017; Holmes et al. 2018). Urban areas provide important habitats for
many other alien plants, and may act as beachheads for invasion into natural
systems; they provide opportunities for species to accumulate high propagule
pressure to drive invasions beyond the urban-wildland interface (e.g. Alston
and Richardson 2006; Foxcroft et al. 2008; Donaldson et al. 2014). Urban
invasion ecology has only recently begun to be studied in South Africa and
much more work remains to be done to elucidate the ecology of urban invaders
(see Potgieter et al. 2020, Chap. 11).

14.2 Parasitism

14.2.1 Plants

As mentioned above, phylogenetic similarity of recipient communities to alien
species may impact on the rate and nature of interaction reassembly. Under ecolog-
ical fitting, recipient communities harbouring phylogenetically closely related taxa,
or alien species with high eco-evolutionary experience, could possibly facilitate
spillovers of enemies from the recipient community onto the alien species, except
if these lack high eco-evolutionary experience to the invader. Evidence for such
spillover in South Africa comes from Crous et al. (2017). These authors found that,
irrespective of residence time, pathogen accumulation of alien pines (genus Pinus),
Australian wattles (genus Acacia), and eucalypts (genus Eucalyptus) was highest in
taxa most closely related to the South African flora. That is, pines, with no
confamilial relatives in South Africa, have acquired only one highly polyphagous
pathogen despite the long residence time of the genus in the country (>300 years).
On the other hand, wattles and eucalypts, both with confamilial relatives in
South Africa have accumulated many pathogens since their introduction (Crous
et al. 2017). For example, the fungus Chrysoporthe austroafricana, a pathogen of
the South African Water Berry Tree, Syzygium cordatum (Heath et al. 2006), has
caused serious stem canker disease on introduced eucalypts (Wingfield et al. 1989).
In contrast, patterns of accumulation of insect pests in these three plant genera do not
seem to be associated with the phylogenetic relatedness of these genera to
South African plants. In line with the New Associations Hypothesis, these associa-
tions appear random and exclusively involve generalist (highly polyphagous) insect
pests (Crous et al. 2017). Despite this, high abundances of South African herbivores
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have been found in association with alien trees (Proches et al. 2008). For example,
the native Keurboom (Virgilia divaricata) shares up to 30% of its associated
arthropod community with the confamilial invasive Black Wattle, Acacia mearnsii
(van der Colff et al. 2015), while the native polyphagous moth, Imbrasia cytherea
(Pine Tree Emperor Moth), is a common pest on introduced pines (Roux et al. 2012).
Similarly, the native seed-feeding alydid bug, Zulubius acaciaphagus, is commonly
found feeding on the invasive Rooikrans, Acacia cyclops (Holmes and Rebelo
1988).

In some instances, co-xenic associations may exacerbate invader ecosystem
impacts or even facilitate secondary invasions by other species, i.e. Invasional
Meltdown (Simberloff and Von Holle 1999). For example, Puccinia psidii, a myrtle
rust fungus native to South and Central America (Coutinho et al. 1998) is now
commonly associated with alien Myrtaceae taxa, including eucalypts (Glen et al.
2007). This pathogen has now spilled over onto native forest Myrtaceae species in
South Africa (Roux et al. 2015).

14.2.2 Marine Ecosystems

In South Africa, alien marine molluscs are often parasitised by endolithic bacteria
resulting in bioerosion and causing severe shell damage (Prenter et al. 2004), often
leading to lethal and sub-lethal impacts (Kaehler and McQuaid 1999). Along the
South African coastline, high rates of endolithic parasitism have been reported in the
widespread invasive Mediterranean Mussel, Mytilus galloprovincialis (Fig. 14.3d,;
Zardi et al. 2009; Marquet et al. 2013). Studies comparing the effects of endoliths
between the native South African Green Mussel, Perna perna, and
M. galloprovincialis found infected individuals of the latter to be more negatively
impacted (Zardi et al. 2009), with both higher endolith incidence and greater
reductions in shell thickness, shell strength, and overall condition (Zardi et al.
2009). Infected mussels also have lower attachment strength, probably because
more energy is being directed toward shell repair and away from the production of
byssus threads that are responsible for securing them to substrates (Kaehler and
McQuaid 1999). This, and other mechanisms such as wave action and emersion
stress (see Rius and McQuaid 2006, 2009), are thought to mediate competition,
promoting co-existence between P. perna and M. galloprovincialis on South African
rocky shores. In particular, wave action favours the abundance of P. perna on the
low shore, while P. perna facilitates the establishment of M. galloprovincialis in the
mid shore (resulting in mixed mussel beds). On the high shore, P. perna is excluded
due to emersion stress, leaving M. galloprovincialis to dominate (Rius and McQuaid
2006, 2009).

Although four out of the seven endolithic species parasitising
M. galloprovincialis in South Africa are also found in the species’ native range
(Marquet et al. 2013), it is unlikely that they were co-introduced with their host
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Fig. 14.3 Examples of biotic interactions during biological invasion in South Africa. (a) Hovering
native Malachite Sunbird (Nectarinia famosa) pollinating invasive tree tobacco (Nicotiana glauca). (b)
Root nodules formed by co-introduced nitrogen-fixing Bradyrhizobium strains on invasive Golden
Wattle (Acacia pycnantha). (c) The native Citrus Swallowtail, Papilio demodocus, pollinating invasive
Devil’s Beard (Centranthus ruber). (d) Invasive Mediterranean Mussels (Mytilus galloprovincialis)
showing extensive shell damage and bioerosion resulting from parasitism by possibly native endolithic
bacteria. (e) A native Grey-Headed Albatross (Thalassarche chrysostoma) attacked by invasive House
Mice on Marion Island. (f) The cosmopolitan endoparasitoid, Dinocampus coccinellae, targeting the
invasive Harlequin Ladybird, Harmonia axyridis. Photographs courtesy of (a, ¢) Sjirk Geerts; (b)
Jan-Hendrik Keet; (d) Lisa Skein; (e) Andrea Angel; (f) Ingrid Minnaar
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during the 1970s. This mussel likely invaded the South African coastline after being
released as larvae from ballast water (Grant and Cherry 1985), which cannot vector
endolithic bacteria. These parasites are therefore thought to be cosmopolitan in their
distribution and native to South Africa (Marquet et al. 2013). Interestingly, endo-
lithic parasitism appears to have a greater impact on South African
M. galloprovincialis populations than on native populations in Portugal (Marquet
et al. 2013), possibly due to the low genetic variability of the mussel in South Africa
(Zardi et al. 2009; Marquet et al. 2013). However, despite the negative effects of
shell parasites on M. galloprovincialis, this mussel persists as the most successful
marine invasive species along the South African coastline (Robinson et al. 2005,
2020, Chap. 9). Characteristics such as high fecundity and recruitment rates (van
Erkom Schurink and Griffiths 1991; Harris et al. 1998), fast growth (Griffiths et al.
1992), and high desiccation tolerance (Hockey and van Erkom Schurink 1992),
enable it to overcome the negative impacts imposed by parasites like endolithic
bacteria. Mytilus galloprovincialis invasions also had some positive impacts on
native species in South Africa. This invasive mussel now makes up a large part of
the diet of the endemic African black oystercatcher (Haematopus moquini), southern
Africa’s second-rarest coastal bird (Coleman and Hockey 2008).

In contrast to the post-introduction accumulation of parasites in
M. galloprovincialis, the intentional introduction of molluscs for aquaculture often
leads to the co-introduction of their parasites (Naylor et al. 2001). For example, ten
shell-boring polychaete worm species are known to infect shells of cultured mol-
luscs, mainly oysters and abalone, along the South African coastline (Simon and
Sato-Okoshi 2015). Two of these parasites are invasive in South Africa, namely
Polydora hoplura and Boccardia proboscidia (Simon et al. 2006, 2009; David and
Simon 2014). The former was detected in the 1950s, while B. proboscidia was first
recorded in 2004 (Simon et al. 2006, 2009). The ability of females of these two
polychaetes to produce multiple larval types (poecilogonous), and to survive and
reproduce across a wide range of temperatures and substrates, all contribute to their
invasion success in South Africa (David and Simon 2014). The excavation of
burrows on shell surfaces of molluscs by polydorid annelids such as P. hoplura
and B. proboscidia, not only leads to shell damage, but also causes reduced growth
and condition, and ultimately increased mortality rates (Simon et al. 2006). While
such parasitism is initially limited to cultured molluscs, these organisms can escape
from aquaculture facilities and infect wild molluscs. The parasites thus represent
economic and ecological threats. Both species are now found along most of the
South African coastline (David and Simon 2014), and although transport of cultured
animals among aquaculture facilities is being more strictly regulated, the threats
posed to both farmed and wild molluscs remain.
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14.2.3 Freshwater Fish

Because of their importance in aquaculture, fisheries and the global pet trade,
freshwater fishes are frequently introduced outside their native ranges as live adults
or young. Therefore, at least historically, co-introductions of novel parasites and
diseases into environments where they have not previously occurred were common.
Some of the parasites are so specialised that they are unable to infect native fishes
and their presence in the recipient environment is dependent on the presence of their
co-introduced host. Those that are able to infect native hosts can have severe
consequences, as native fish, lacking evolutionary history with alien parasites, do
not possess immune responses to infection (Taraschewski 2006).

The introduction of 27 alien fishes to South Africa has provided opportunities for
at least 23 parasitic co-introductions of ten monogeneans, eight ciliates, two ces-
todes, a copepod, a flagellate, and a branchiuran (Smit et al. 2017). Most (16) of
these parasites are not known to have infected native fishes (Smit et al. 2017). For
example, five ancyrocephalid monogeneans are found only on the alien Largemouth
Bass, Micropterus salmoides. Despite the almost ubiquitous presence of bass in
South African rivers (Ellender et al. 2014), these parasites have not been observed to
infect native fishes to date (Truter et al. 2017). The other seven co-introduced
parasites, however, have formed new associations with native hosts, probably
because of broader levels of generalism in their symbiotic requirements (Smit
et al. 2017). While significant impacts on the health status of novel hosts have
been documented (see Weyl et al. 2020, Sect. 6.2, on freshwater biota and impacts),
the influence of parasites on the invasion process has not been investigated in any
detail in South Africa.

Some alien fishes in South Africa have considerably lower parasite loads than in
their native ranges. In an assessment of the parasitism of largemouth bass for
example, Truter et al. (2017) documented lower parasite abundance and richness
in South Africa in comparison with native range populations. This may explain why
this species managed to invade a wide range of habitats throughout southern Africa
despite extremely low genetic diversity, resulting from a very limited number of
propagules introduced into South Africa in the late 1920s (Hargrove et al. 2017).
Similar mechanisms might be responsible for the success of rainbow trout,
Onchorhynchus mykiss, and brown trout, Salmo trutta, for which there are no
records of co-introduced parasites (see Weyl et al. 2020, Sect. 6.2).

14.2.4 Insects

South Africa’s alien entomofauna has assembled as a result of complex introduction
pathways (Giliomee 2010; Garnas et al. 2016; Janion-Scheepers and Griffiths 2020,
Chap. 7; Faulkner et al. 2020, Chap. 12). Most species were accidentally introduced,
but a small proportion were intentionally introduced, mainly as biological control
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agents (Hill et al. 2020, Chap. 19). Introduction pathways have important implica-
tions for biotic interactions in the receiving environment, for example host-parasite
relationships. Many other factors also play a role, including residence time of
different partners in host-parasite relationships, whether the parasite has had any
co-evolutionary history with the host, competition among hosts or parasites, com-
plexity in food webs such as cascading effects in multi-trophic systems, and hosts
shifts. While some alien insect hosts are parasitised by alien or native parasites, the
opposite is also true, and there are examples of biological control agents infiltrating
native communities. Thus, the relationships between parasite and host for insect
invaders are complex, and include direct and indirect effects that shape the dynamics
of whole communities. Here we focus on parasitoids, since the information on
pathogens, fungi and other parasites such as nematodes in South Africa has either
been reviewed elsewhere (Wingfield et al. 2001), is very scarce (Haelewaters et al.
2016), or has focused on the selection of biological control agents under controlled
experimental conditions (e.g., nematodes, Malan and Moore 2016). We provide
some examples of biotic interactions involving insect hosts and parasitoids for
biological invasions in South Africa.

Alien insects can be parasitised by native or alien parasitoids. In South Africa, the
invasive Harlequin Ladybeetle, Harmonia axyridis, a notorious predator of aphids
and other coccinellid species and native to Asia (see Janion-Scheepers and Griffiths
2020, Box 7.4, Chap. 7), was first detected in the Western Cape Province in the early
2000s and then spread rapidly across the country (Stals and Prinsloo 2007; Roy et al.
2016). Beetles sourced in the USA, but originating from Japan, were intentionally
introduced to South Africa to control an aphid pest in 1980, but failed to establish.
Invasive populations of H. axyridis in the country are thought to have originated
from a separate subsequent and accidental introduction (Roy et al. 2016). Population
genetic analyses revealed that Western Cape populations originated from an invasive
population in eastern North America, described as a bridgehead for the worldwide
invasion of this species (Lombaert et al. 2010). The wasp Dinocampus coccinellae
(Hymenoptera: Braconidae), a koinobiont endoparasitoid of coccinellid species,
with a widespread global distribution, was later reported to utilise H. axyridis as a
host (Fig. 14.3f), in addition to three other native and one alien host (Minnaar et al.
2014). The wasp was initially collected from native hosts in South Africa in the late
1940s and 1960s, suggesting that its occurrence preceded the introduction of
H. axyridis. Interestingly, the level of parasitism by this parasitoid on H. axyridis
was much lower than rates found on native hosts (Minnaar et al. 2014), and is
consistent with findings from other global regions in the species’ invasive range
(Comont et al. 2014; Ceryngier et al. 2018). Despite this, further work is needed to
identify the mechanisms underlying the release from this native enemy in
South Africa. A possible explanation is that the invasive ecotype of H. axyridis
garners higher immunity or resistance to parasitoids than native species, as several
studies highlight the diversity of chemical defences (harmonine and antimicrobial
peptides; Rohrich et al. 2012; Vilcinskas et al. 2013a) and prevalence of obligate
parasitic microsporidia in this species (Vilcinskas et al. 2013b). Nonetheless, the
parasitoid may adapt further via changes in host location mechanisms or parasite
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developmental growth strategies (Firlej et al. 2007), increasing host suitability in the
future. The fact that D. coccinellae has been consistently detected on this invasive
species suggests that it may benefit from a marginal host, when for example, native
species fluctuate in numbers.

Invasive insect species are often pests of agricultural plants and plantation trees,
and in South Africa, alien biological control agents (including parasitic wasps) have
been introduced to regulate them or have been accidentally co-introduced (e.g. in
Eucalyptus plantations: Wingfield et al. 2008; Garnas et al. 2012; Bush et al. 2016).
These species are also often reported to harbour a high diversity of natural enemies.
For example, 22 species of parasitoids and hyperparasitoids emerged from Dia-
mondback Moth (Plutella xylostella, a notorious pest of cultivated and native
brassicas in the region) larvae and pupae sampled in South Africa (Kfir 1998). A
few of the parasitoids had restricted distributions in South Africa and, together with
their degree of host-specificity, suggests that host and parasite had time to co-evolve
(Kfir 1998). Similarly, P. xylostella monitored on canola revealed novel associations
with a large diversity of native larval and pupal parasitoids, infecting the host
distinctively in terms of extent and timing of parasitism (Mosiane et al. 2003).
Hyperparasitoids were also found to feed on the cocoons of primary parasitoid
larvae and were influenced by the abundance and timing of the latter (Mosiane
et al. 2003; Nofemela and Kfir 2005). Therefore, the complexity of these tri-trophic
relationships, including potential density-dependent and cascading top-down effects,
are likely to modulate the dynamics of these pests and invasive populations
(Nofemela 2013).

Besides direct effects across trophic levels as discussed above, there are also
examples of indirect effects in biotic interactions that affect the invasive host or,
alternatively, an invasive species can also be a key player in the regulation of host-
parasite interactions. For example, inter-specific competition between native and
invasive ant species, including the Argentine Ant (Linepithema humile), can disrupt
associations between parasitoids and hemipteran pests that produce honeydew
sought by the ants (Mgocheki and Addison 2010). Argentine Ant invasions may
also disrupt native plant-ant interactions, such as myrmecochorous seed dispersal, as
has been found in many parts of the world where this invasive ant is present
(reviewed in Traveset and Richardson 2014; see also Janion-Scheepers and Griffiths
2020, Chap. 7, Box 7.6).

Lastly, insect biotic interactions include non-target associations of insect herbi-
vores introduced as biological control agents of invasive plants. In this case, the alien
herbivore is attacked by native parasitoids, potentially reducing the level of biolog-
ical control achieved on the target alien plant. For example, the bud-galling wasp,
Trichilogaster acaciaelongifoliae, introduced in 1982 to South Africa from
Australia to control Acacia longifolia quickly acquired novel communities of natural
parasitoids (Manongi and Hoffmann 1995; McGeoch and Wossler 2000; Veldtman
etal. 2011). Veldtman et al. (2011) showed that 33% of novel natural enemies found
in the introduced range belong to the same families as its native enemies in Australia,
supporting parallels in food web dynamics between the two regions. Similarly,
several native parasitoids have been found to parasitise the larvae and pupae of the
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Bruchid Beetle, Acanthoscelides macrophthalmus, a biological control agent intro-
duced to South Africa in 1999 against the River Tamarind shrub, Leucaena
leucocephala (Fabaceae) (Olckers 2011; Sharrat and Olckers 2012; Ramanand and
Olckers 2013). Native bruchinid beetles that target native mimosoid Fabaceae in
South Africa are also known to host native parasitoid communities (Impson et al.
1999), thus parasitism of the introduced host by native parasitoids may reflect
parasitoid eco-evolutionary experience to mimosoid-associated beetles. However,
it should be cautioned that, in general, there is insufficient knowledge and quantifi-
cation of the extent of shared parasitoids between alien and native hosts and of food-
web interactions in these systems to confidently invoke eco-evolutionary processes.
It is clear, however, that biotic resistance has played a major role in limiting the
ability of some candidate biological control agents from establishing populations in
South Africa (see Hill et al. 2020, Chap. 19).

14.3 Mutualism
14.3.1 Plants and Soil Bacteria

Mutualisms can play key roles in mediating not only the establishment success of
alien species (Richardson et al. 2000a), but also their ecological impacts once they
become invasive (Traveset and Richardson 2006, 2011). Legumes (family Fabaceae)
are over-represented in regional invasive floras in many parts of the world (PySek
etal. 2017), and 73 legume species are naturalised in South Africa (Richardson et al.
2020, Chap. 3, Sect. 3.3). The widespread success of legumes as invasive species has
been attributed partly to their ability to form symbioses with soil bacteria known as
rhizobia (Parker 2001). Rhizobia are bacteria capable of forming specialised struc-
tures called root nodules on the roots of most legumes. Rhizobia fix atmospheric
nitrogen into ammonium that legumes can utilise. In return, legumes provide
rhizobia with various sources of carbon through photosynthate. This symbiosis
allows legumes to colonise nutrient-poor environments and often impacts these
environments through nitrogen enrichment of soils (Parker 2001; Yelenik et al.
2004).

Invasive Australian wattles in South Africa’s Cape Floristic Region (CFR), a
global biodiversity hotspot, are a good study system for exploring how interaction
reassembly pathway (i.e. co-introduction vs. ecological fitting vs. co-xenic) and
interaction specialisation affect the way in which invaders infiltrate ecological
networks (Fig. 14.2) and their subsequent impacts on native species. Molecular
evidence has revealed that invasive wattles in the CFR have often been
co-introduced with their rhizobia, primarily from the genus Bradyrhizobium
(Fig. 14.3b; Ndlovu et al. 2013; Le Roux et al. 2016; Warrington et al. 2019).
However, this is not the case for all alien wattles in South Africa. A recent survey of
rhizobial communities associated with 19 invasive Acacia species in South Africa
showed that wattles often share highly abundant Bradyrhizobium strains across wide
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geographic regions (Keet et al. 2017). These observations indicate that host-
switching between co-introduced rhizobia and wattles may allow those wattles not
co-introduced with their Australian bradyrhizobia to overcome the potential negative
effects associated with ecological fitting, potentially resulting in a form of invasion
meltdown (Le Roux et al. 2017; Warrington et al. 2019).

14.3.2 Pollination

Almost 90% of all flowering plant species rely to some extent on pollinators for seed
set (Ollerton et al. 2011). Pollination is, therefore, a potentially important barrier to
establishment and subsequent invasion for alien plants (Blackburn et al. 2011).
Intuitively, autonomous self-fertilisation should be less likely to limit invasiveness
as it allows plants to escape the negative consequences of small population sizes,
mate availability, and Allee effects (Baker 1955; Stebbins 1957). Nonetheless, many
invasive plant species are pollinator-dependent (e.g. van Kleunen and Johnson
2005).

It has been argued that native pollinator systems in South Africa are more
specialised than the global average (Johnson and Steiner 2003). This suggests that
introduced plants requiring specialist pollinators are less likely to receive pollinator
services, in line with the Missed Mutualisms Hypothesis (Catford et al. 2009). In
contrast, alien plants that attract a wide range of pollinators, i.e. generalists, are
expected to easily form novel interactions with pollinators in the introduced range
(the New Associations Hypothesis), which will enhance establishment and invasion
success (Baker and Stebbins 1965; Baker 1974). However, these expectations do not
always hold up. For example, Tree Tobacco, Nicotiana glauca, is pollinated by
hovering hummingbirds in its native range in the Americas (Nattero and Cocucci
2007; Ollerton et al. 2012) and its tubular flowers exclude insects and other potential
pollinators. In South Africa, N. glauca is pollinated by hovering sunbirds, which is
surprising (Fig. 14.3a). Sunbirds have a perching lifestyle and native plants provide
them with perches (Anderson et al. 2005), suggesting that a switch to a hovering
lifestyle in response to novel resources (N. glauca nectar) might be adaptive (Geerts
and Pauw 2009). It is likely that the outcome of N. glauca introductions may have
been dramatically different if native pollinators did not adopt it as a resource. For
example, in countries like Greece where bird pollinators are absent, N. glauca has
adapted increased selfing ability (shorter stigma-to-anther distances) compared to
plants in the native range (Ollerton et al. 2012).

Another alien plant in South Africa that requires specialist pollinators is the
Formosa Lily, Lilium formosanum. In its native range in Taiwan, the lily is polli-
nated by the Long-tongued Convolvulus Hawkmoth, Agrius convolvuli. In
South Africa, the species experiences reduced pollination in small populations, but
self-fertilization sufficiently compensates for this, alleviating any potential Allee
effect (Rodger et al. 2013). In denser populations in South Africa, L. formosanum is
readily pollinated by A. convolvuli, since this hawkmoth is native to much of the Old
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World, including South Africa (Rodger et al. 2010). This example illustrates how the
wide native range distributions of pollinators may facilitate reproductive success of
an alien species. Similarly, invasive Peanut-butter Cassia, Senna didymobotrya in
South Africa, a shrub from tropical Africa that relies on buzz pollinators (where
pollinators must buzz at a specific frequency for pollen release and cross-pollination,
Dulberger 1981; van Kleunen and Johnson 2005), is pollinated in South Africa by
the carpenter bee (Xylocopa flavorufa). As the bee’s native range includes both
South Africa (where the plant is alien) and tropical Africa (where the plant is native),
this is neither a novel association nor a co-introduction. In contrast, other specialised
species such as the Moth Catcher (Araujia sericifera), which, as its common name
suggests, is moth pollinated, is largely visited by native honeybees, Apis mellifera, in
South Africa. South African honeybees have learnt to access the nectar of the large
moth catcher flowers (Coombs and Peter 2010). Despite the expectation that highly
specialised mutualistic interactions may hamper establishment success (i.e. Missed
Mutualisms Hypothesis, Catford et al. 2009), this example supports the emerging
view that specialised pollination requirements are not necessarily a barrier to plant
invasiveness (Richardson et al. 2000a). The examples discussed above show that
reproductive barriers can be overcome when the same pollinators, or functionally
similar pollinators are present, or if local pollinators can adapt to new resources
provided by invasive populations. On the other hand, alien plants with generalist
pollination requirements are expected to find pollinators more easily than their
specialist counterparts, whether in urban (Geerts et al. 2017) or natural environments
(Gibson et al. 2011). Generalist alien plants are assured of pollination when native
generalist pollinators are abundant. Honeybees in South Africa are important polli-
nators for many alien plants. Examples of invasive alien plant genera with generalist
flowers that are pollinated by honeybees in South Africa include Acacia, Banksia,
Hakea and Pueraria (Gibson et al. 2011, 2013; Moodley et al. 2016; Geerts et al.
2016).

Although generalist pollination systems promote invasiveness, Baker (1955)
postulated that selfing enhances the chances of establishment success of introduced
species as it assures reproduction when mates and/or pollinators are limited. Glob-
ally, it appears that selfing rates are higher in invasive plants than for native plants
(Richardson et al. 2000a; Burns et al. 2011). Support for this pattern in South African
comes from a study of 17 invasive woody species which showed that all were either
self-compatible or apomictic (reproducing asexually, without fertilisation)
(Rambuda and Johnson 2004). Similarly, Moodley et al. (2016) found that, although
pollinators increased seed set in four out of the five invasive Australian Banksia
species they studied, all species were capable of autonomous selfing. Interestingly,
in the Willow-leafed Hakea (Hakea salicifolia) naturalised populations received
almost four times the number of pollinator visits compared to populations that had
not naturalised (Moodley et al. 2016). This should not prevent invasion, since
H. salicifolia produces fruits via selfing in the absence of pollinators, but such spatial
variation in reproduction may explain some of the variation in the extent and rate of
naturalisation (Moodley et al. 2016). Geerts et al. (2016) found that invasive Kudzu
Vine, Pueraria montana (native to Asia), produces seed autonomously in
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South Africa. This is not the case in the USA where the species is also highly
invasive. Kudzu Vine flowers are frequently visited by pollinators in both the USA
and South Africa. However, in the USA only 3.3% of pollinated flowers produce
pods, whereas 72% of pollinated flowers do in South Africa (Geerts et al. 2016).
Despite the evident role of selfing in alien plant establishment and invasiveness, it
may come at a cost. Less reliance on pollinators due to high selfing can impede
invasion through higher inbreeding depression. For example, Rodger and Johnson
(2013) found that for the highly invasive Silver Wattle, Acacia dealbata, selfed
seedlings experienced significantly higher inbreeding depression than naturally
cross-pollinated treatments.

Even if an invasive plant species has a negative effect on a specific native plant or
pollinator, the effect on the community may be neutral or positive. This context
dependency is due to factors such as community species richness, and the abundance
of pollinators and flowers (Traveset and Richardson 2014). Further work, using
pollination network analyses, is needed to advance our understanding of the resil-
ience of South African pollinator communities to infiltration by invasive species. We
know of only one non-South African study that has addressed this topic. This study
found that specialist flower-visiting species are lost from pollinator webs in areas
impacted by invasive brambles (Hansen et al. 2018).

Although natural ecosystems in South Africa have a few well-known invasive
insect species (e.g. the Argentine Ant (Linepithema humile) and the European Wasp
(Vespula germanica)), very little is known about invasive invertebrates compared to
other taxonomic groups (McGeoch et al. 2011; Janion-Scheepers and Griffiths 2020,
Chap. 7). Although insects with negative impacts on agricultural production are
generally well-studied, very little is known about alien pollinators. However, there
are some examples of alien pollinators such as the Large Cabbage White Butterflies
(Pieris brassicae) and its association with Devil’s Beard (Centranthus ruber; Geerts
et al. 2017) and Purple Loosestrife (Lythrum salicaria; S. Geerts unpublished data).

14.3.3 Seed Dispersal

As with pollination, alien plants benefit from associations with native seed dis-
persers, and their successful spread during invasion is often enhanced by these
mutualisms (Richardson et al. 2000a; Traveset and Richardson 2006, 2014). Alien
plants have become thoroughly integrated in seed dispersal networks involving
native birds (Middlemiss 1963; Glyphis et al. 1981; Knight 1986, 1988; Knight
and Macdonald 1991; Dean and Milton 2000; Milton et al. 2007; Underhill and
Hofmeyr 2007; Mokotjomela et al. 2013a, b, 2015; Dlamini et al. 2018) and
mammals (Middlemiss 1963; Kerley et al. 1996; Hill 1999; Lotter et al. 1999;
Richardson et al. 2000b; Foxcroft and Rejmanek 2007; Mokotjomela and Hoffmann
2013; Tew et al. 2018) in South Africa. South Africa has a rich flora of plants
adapted for seed dispersal by animals (e.g. Knight and Siegfried 1983; Knight 1988)
and a rich vertebrate fauna to provide generalist seed-dispersal services.
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Native South African ants also play an important role in the invasion of alien
plants adapted for myrmecochory. For example, they are responsible for short-
distance dispersal and seed burial of the Port Jackson Willow, Acacia saligna
(Holmes 1990). While other agents are more important for long-distance dispersal
in this species, burial protects seeds from predation and fire (Richardson et al.
2000a). Introduced livestock are key agents for the dispersal of many widespread
invasive plant species, especially in rangelands, notably species of the genus
Prosopis in South Africa (Richardson et al. 2000a). Dispersal mutualisms recorded
in South Africa include several novel interactions involving native bird functional
groups not recorded to disperse the plant species elsewhere, e.g. Barn Swallows
(Hirundo rustica; Underhill and Hofmeyr 2007) and Black Korhaans (Eupodotis
afra; Knight and Macdonald 1991) dispersing Acacia cyclops seeds, and Pied Crows
(Corvus albus) dispersing Opuntia seeds (Dean and Milton 2000). The presence of
wide-ranging native mammals such as African Elephants (Loxodonta africana) in
some of South Africa’s protected areas has resulted in unique patterns of invasion.
For example, long-distance dispersed seeds of Prickly Pear, Opuntia stricta, by
elephants and Chacma Baboons (Papio ursinus) from a few initial foci in the Kruger
National Park, facilitated the rapid spread of the species; a very different invasion
scenario compared to that in other parts of the invasive range of this cactus (Foxcroft
et al. 2004; Foxcroft and Rejmanek 2007).

Several factors that influence competition for dispersal agents have been identi-
fied in South Africa. For example, Knight (1986) reported that bird-dispersed alien
fleshy-fruited plants in the CFR have fruit displays that are more conspicuous and
more attractive to native birds than those of co-occurring native plants. Another
factor promoting the preference of fruits of invasive species over those produced by
native species by birds is that some invasive species offer higher nutritional rewards
(e.g. Cinnamomum camphora, Lantana camara, Morus alba, Psidium guajava,
Solanum mauritianum; Jordaan et al. 2011; Mokotjomela et al. 2013a; Thabethe
etal. 2015). The reproductive phenologies of some invasive plant species also ensure
that their fruits or seeds are available for longer periods compared to many native
species (Knight 1988; Mokotjomela 2012). For example, the invasion of Sand
Blackberry (Rubus cuneifolius) in South Africa depends on dispersal by frugivorous
birds and mammals (Denny and Goodall 1991), which exploit its prolific fruit crop
throughout the year (van Kleunen and Johnson 2007). Similarly, invasion of
Bugweed (S. mauritianum) in South Africa is driven by the abundance of fruit,
small seediness, and high sugar content of its berries, making the species’ fruit a
more attractive resource than that provided by co-occurring natives (Mokotjomela
et al. 2013a).

The importance of habitat quality in the assembly of mutualisms has been well
documented (Muller-Landau and Hardesty 2005). In South Africa, Schor et al.
(2015) found that preferential foraging on berries of the invasive S. mauritianum
by native birds declined with increasing presence of native resources (fruits) in
farmlands in KwaZulu-Natal. Rejmanek (1996) argued that such context-
dependency of novel resource utilisation may explain why tropical forest habitats
suffer less from plant invasions than other vegetation types.
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Long-distance dispersal (LDD) or stratified dispersal (a combination of long- and
short-distance dispersal) is essential for species to cross environmental barriers to
new recruitment sites, and therefore for subsequent naturalisation and the develop-
ment of independent outlying foci that generates invasive spread (Trakhtenbrot et al.
2005). LDD facilitates establishment far from parent plants where competition,
predation and/or fungal attack might be lower (Chimera and Drake 2010; Jordaan
et al. 2011). Birds are important vectors for LDD of plants, as they spread ingested
seeds between roosting and foraging sites (Mokotjomela et al. 2013c, 2016).
Behavioural patterns, such as local and regional migrations, may also influence the
extent of LDD (Mokotjomela et al. 2013c). In the CFR, Red-winged Starlings
(Onychognathus morio) populations consist of resident pairs and nomadic flocks;
and flocks’ movements are determined by changes in local food resources (Rowan
1955; Hockey et al. 2005). Indeed, large flocks of wintering Red-winged Starlings
shuttle between home gardens and montane environments searching for fruits, which
results in ingested seeds being dispersed over considerable distances (Mokotjomela
2012).

Generally, frugivorous birds and mammals determine the effectiveness of dis-
persing the seeds of alien plants, i.e. successful dispersal and germination
(Mokotjomela et al. 2016). Indeed, native frugivorous species are often responsible
for the increased invasiveness of many alien plants in South Africa (Jordaan et al.
2011; Wilson and Downs 2012; Thabethe et al. 2015; Mokotjomela et al. 2016). For
example, for the highly invasive Acacia cyclops, germination is greatly enhanced
following ingestion of its seed by two native frugivorous birds, the Knysna Turaco,
Tauraco corythaix, and the Red-winged Starling (Mokotjomela et al. 2015, 2016).
Similarly, Thabethe et al. (2015) reported enhanced seed germination for
S. mauritianum, C. camphora, P. guajava, and M. alba as a result of ingestion by
two native Tauraco species. On the other hand, highly invasive species like the
Peruvian Pepper Tree (Schinus molle) and Syringa (Melia azedarach), even though
dispersed by native frugivores in South Africa, show no germination enhancement
following passage of seeds through the gut of their novel vectors (Iponga et al. 2009;
Voigt et al. 2011). Wahlberg’s Epauletted Fruit Bats, Epomophorus wahlbergi,
consume large numbers of fruits of four invasive plant species in South Africa
(Eriobotrya japonica, M. azedarach, M. alba, and P. guajava), and with the
exception of M. azedarach, this increases seed germination rates of ingested seeds
(Jordaan et al. 2012). Two alien bird species, the Common Starling (Sturnus
vulgaris) and House Sparrow (Passer domesticus), have been recorded feeding on
the fruits of less widespread invasive species such as Pitfosporum undulatum and
Myoporum tenuifolium (Mokotjomela et al. 2013b). Although the impacts of these
co-xenic associations on seed germination remain unknown, they suggest these plant
species may become widespread invaders in the future, aided by these bird dis-
persers. Limited evidence suggests that co-xenic associations hamper invasiveness.
We know of one example from South Africa, where invasive Rose-ringed Parakeets,
Psittacula krameri, may impede establishment of alien plants due to reduced ger-
mination of ingested seeds (Thabethe et al. 2015).



410 J.J. Le Roux et al.

For successful establishment and invasion, alien species must compete with
native species for available resources. Following LDD, germination and establish-
ment of alien seeds depends on an array of factors, ranging from availability of
suitable conditions (such as those created by biophysical disturbance, e.g. anthropic
habitats), to inter-specific competition. Few studies have reported on the complete
seed dispersal cycle of both native and alien plant species in the same environment
(Wang and Smith 2002). Nonetheless, the increasing number of invasive fleshy-
fruited plants in South Africa indicates that their seeds are effectively dispersed, and
establishment success is high (Mokotjomela et al. 2015). Because of the commonly
smaller seed size of invasive alien fruits (Gosper and Vivian-Smith 2010;
Mokotjomela et al. 2013a), more seeds can be dispersed by vertebrates than those
of native species, implying that each dispersal event will likely carry more seeds of
alien than native species. High propagule pressure has been reported to drive rates of
recruitment of many bird-dispersed invasive species such as Schinus molle (Iponga
et al. 2009). Similarly, the rapid spread of invasive Prickly Pear in South Africa’s
Kruger National Park was mainly driven through seed dispersal by elephants and
baboons (Lotter et al. 1999; Foxcroft and Rejmanek 2007). Sixty percent of
Prickly Pear seeds sampled from baboon faeces led to successful seed germination
and seedling establishment (Lotter et al. 1999).

Patterns of seed dispersal of alien plants also influence the impacts that the alien
species may have in invaded ecosystems. For example, dispersal of alien Schinus
molle seeds by native birds in semi-arid savannas in South Africa has resulted in
recruitment of this species mainly beneath native acacias (Vachellia tortilis), the
dominant tree in this vegetation type. Initially V. fortilis may act as nurse plants for
S. molle seedlings (Iponga et al. 2008). Subsequently, growth of S. molle and its
superiority in competition for light over V. rortilis trees results in the gradual
replacement of V. fortilis by S. molle, leading to a change in woodland structure
and altered ecosystem processes (Iponga et al. 2008). Seed dispersal dynamics are
altered when alien plants replace native plants in South African ecosystems. An
example of this is where invasive alien Prosopis trees replace native Vachellia
species in arid savanna. Differences in branch height and angle between Prosopis
and Vachellia alter the habitat for birds, resulting in the loss of suitable perch sites for
key frugivorous birds (Dean et al. 2002).

14.4 Selected Examples of Impacts on Native Species Biotic
Interactions and Ecological Networks

Irrespective of the pathways and dynamics underlying interaction reassembly of
alien species, it will certainly have consequences for native taxa. That is, native
species may experience altered biotic interactions as invaders increase in abundance
and range, which may include losses and gains of old and new associations,
respectively. Establishing interactions is one thing, but their effectiveness is equally
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important. For example, invasive legumes may not cause legume-rhizobium associ-
ations of native host plants to collapse but may impact on the identity and effective-
ness of the rhizobia they associate with. In Portugal for example, the performance of
Acacia longifolia which was co-introduced with its bradyrhizobia (Rodriguez-
Echeverria 2010) was much higher than it would have been had it relied on
Portuguese bradyrhizobia (Rodriguez-Echeverria et al. 2012). These invasive rhizo-
bial strains may outcompete native strains for associations with native legumes
(e.g. Rodriguez-Echeverria et al. 2012), and may result in a reduction in the
performance of these legumes (Rodriguez-Echeverria et al. 2012). Similar data are
scarce for South Africa. Recently, Warrington et al. (2019) confirmed that invasive
acacias in South Africa associate with a bradyrhizobial strains that were co-intro-
duced from Australia. Le Roux et al. (2018) also found that acacia invasions affect
both the diversity and structure of whole soil rhizobial communities in CFR soils by
lowering diversity and homogenising community structure in invaded compared to
uninvaded soils. They also found that overall acacia-induced changes to soil abiotic
conditions further benefit their invasive performance. These changes may impact
co-occurring native species in a similar way to what has been previously
documented in Portugal. Such impacts may explain Le Roux et al.’s (2016) obser-
vations that native CFR legumes and invasive wattles interact with distinct rhizobial
assemblages, most likely due to the phylogenetic distance between these host plant
groups and the co-introduction of acacias and their symbionts (Warrington et al.
2019). Moreover, rhizobia associated with native CFR legumes sampled from
wattle-invaded and uninvaded sites showed strong compositional turnover.
Specialised natives appear unable to persist in wattle-invaded areas, while generalist
natives could persist, but only in association with compositionally different rhizobia.
This South African example illustrates that specialist native legumes may be more
severely impacted by invasive acacias than generalist native congeners. Whether
these perceived impacts by acacias translate into lowered symbiotic effectiveness
(i.e. nitrogen fixation) of native legumes remain unknown.

The legume-rhizobium example above illustrates how invasive species can inter-
rupt mutualistic interactions of native species. A more dramatic example comes from
the disruption of ant mutualist interactions with native myrmecochorous CFR
species. Bond and Slingsby (1984) found that when native ants are outcompeted
and displaced by invasive Argentine Ants, the overall recruitment of
myrmecochorous native plants (Mimetes cucullatus, M. pauciflorus and
Leucospermum glabrum) were severely impacted. Unlike native ants, Argentine
Ants are slow to discover the seeds of these plants, move them over shorter
distances, and do not store them in below-ground nests. This leads to the majority
of seeds being consumed by rodents. This, in turn, translated to a 50-fold reduction
in the seedling emergence of Mimetes cucullatus (Red-crested Pagoda) compared to
areas where no Argentine Ants were present (Bond and Slingsby 1984). It has
subsequently been shown that these impacts can cause shifts in CFR plant commu-
nity composition, owing to a disproportionate reduction in the densities of large-
seeded species that are not being dispersed by Argentine Ants (Christian 2001). Lach
(2007) also found novel mutualistic associations between invasive Argentine Ants
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and native membracids in the CFR, which greatly increased the discovery of
inflorescences of the Wagon Tree, Protea nitida, by the ants. This in turn, led to
decreased visitation rates of P. nitida flowers by several native arthropods and
potential pollinators (Lach 2007).

It is well known that invasive plants can disrupt native plant-pollinator interac-
tions (Traveset and Richardson 2014). We know that native plant-pollinator net-
works are highly specialised in South Africa (Pauw and Stanway 2015). Invasive
plant species can influence these networks indirectly, for example by competing with
native plants for pollinators and acting as ‘magnet species’, attracting pollinators
away from native species (Biotic Indirect Effects Hypothesis; Catford et al. 2009).
Alternatively, invasive plants may increase the “overall attraction” and increase
pollinator visitation to only certain native species. Gibson et al. (2013) asked
whether the prolific flowering of invasive Acacia saligna acts as a magnet for
pollinators in South Africa. They found a large overlap in floral visitors between
one native species, Roepera fulva, and A. saligna. Moreover, visitation rates to
R. fulva were significantly lower in invaded than in uninvaded sites. This observation
was mainly due to visits of native honeybees. Whether lower visitation rates resulted
in lower fitness of R. fulva (e.g. reduced seed set) was not tested. In contrast, no
effects on the efficiency of bird pollination of native species was caused by the
presence of the invasive Showy Banksia, Banksia speciosa (Erckie 2017). Banksia
species are known to add significant amounts of nectar to the landscape during the
peak flowering time of native CFR Proteaceae (Geerts et al. 2013). Erckie (2017)
compared visitation rates by nectar feeding-birds and subsequent seed set, between
Sugarbush, Protea compacta, populations adjacent to, and far away from, invasive
B. speciosa plants. Although B. speciosa attracted significantly more sugarbirds and
significantly fewer sunbirds than P. compacta, it did not reduce sugarbird numbers
or visitation rates in P. compacta populations, and therefore had no impact on seed
set for this species.

The Banksia speciosa example illustrates that pollination impacts on native plants
may be neutral, but that native pollinators may well benefit. Evidence for such
impacts comes from invasive eucalypts (genus Eucalyptus) and kangaroo paws
(genus Anigozanthos) in South Africa. In its Australian range, the Evergreen Kan-
garoo Paw (A. flavidus) is mainly pollinated by perching Western Spinebills
(Acanthorhynchus supercilliosus) and New Holland Honeyeaters (Phylidonyris
novaehollandiae) (Phillips et al. 2014). Given this eco-evolutionary experience,
and as expected, this species is pollinated by perching sunbirds and sugarbirds in
South Africa’s CFR (Le Roux et al. 2010). Anigozanthos flavidus produces rich
nectar for these birds during late summer, when nectar is generally scarce in the
CFR. This was evident when, following the mechanical removal of invasive
A. flavidus populations, sugarbird visitation dropped from 425 visits per hour
(with sometimes more than ten birds observed at any given time) to only three
sugarbirds per hour. With no overlap between the flowering times of native species
and A. flavidus, it is unlikely that this negatively effects the pollination services of
co-occurring native plants. Similar to kangaroo paws, Australian eucalypts are in
important nectar source for honeybees during summer months in the CFR. This
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benefits mainly managed honeybees, which are used for crop pollination during
spring (de Lange et al. 2013). The impacts of alien pollinators on plant communities
in South Africa remains largely unknown. However, impacts are conceivable. For
example, social bumblebees from the genus Bombus are often used for agricultural
pollination services. These bees are similar to native honeybees in that they are
super-generalists and will be effective pollinators of many plants in South Africa,
including invasive species like Paterson’s Curse (Echium plantagineum). Further-
more, if they were to escape into natural environments, bumblebees are likely to
compete with functionally similar native carpenter bees (Xylocopa spp.), which
could disrupt native plant communities through inter-specific competition (Pauw
2013).

It is now also becoming evident that familiar associations under novel environ-
mental conditions may lead to altered native species interactions. Veldtman et al.
(2011) found that two gall-forming biological control agents released in
South Africa against Acacia longifolia and A. saligna can affect native species
interactions. Galls formed on these two invaders accumulated multi-trophic food
chain links (with South African inquilines, parasitoids, and hyperparasitoids) similar
to those observed in their native Australian range. Theoretically, these novel inter-
actions can lead to apparent competition and losses of native biodiversity if the
biological control agent shares these natural enemies (predators and parasitoids) with
herbivores of native plants, as has been found elsewhere (Carvalheiro et al. 2008).
However, it might be more appropriate to classify these interactions as commensal,
whereby the introduction of the biological control agents has created a resource
allowing for greater population sizes than would otherwise be maintained. Lastly, in
some instances biological control might also facilitate novel co-xenic associations,
such as the important agricultural pest False Codling Moth (Thaumatotibia
leucotreta) utilising the galls formed on A. saligna as a larval food resource in
agricultural ecosystems in South Africa (Seymour and Veldtman 2010). Notably, if
biological control were to provide complete control, such cases are expected to
decline over time.

Oceanic islands often suffer more severe ecological impacts from invasive
species than mainland areas (see Greve et al. 2020, Chap. 8). This can, in part, be
explained by the isolation and evolutionary naivety of island biotas to novel biotic
interactions, e.g. extensive grazing by large herbivores or predation by
mesopredators. South Africa’s sub-Antarctic Marion Island not only provides an
example of this, but also illustrates the complexity and unforeseen outcomes of these
novel interactions. House Mice (Mus musculus) reached Marion Island some time
before 1818 (Watkins and Cooper 1986), and Domestic Cats (Felis catus) were
intentionally introduced in 1951 to control them (Anderson and Condy 1974). The
cat population grew rapidly, with an estimated population size of 2100 by 1970 (van
Aarde 1979). Cats found burrowing seabirds to be easier prey than mice, and in the
mid-1970s they were killing an estimated minimum of 635,000 petrels and prions
each year (van Aarde 1980). This led to decreased breeding success of these birds
and caused the local extinction of one species (Berruti et al. 1981). These impacts on
birds may have also led to changes in soil nutrient fluxes (through bird manuring), in
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turn leading to multi-trophic cascades through their knock-on effects. Indeed, since
the early 1970s, nutrient-loving tussock grasslands of Cook’s Tussock-grass, Poa
cookii, also showed a rapid decline, and habitats where tussock grassland previously
occurred could no longer support many animal colonies (Smith 1976; Smith and
Mucina 2006). The influence of domestic cats on seabirds, and thus soil nutrient
inputs, was likely the reason for the shrinkage of tussock grasslands during this
period. A successful cat eradication program launched on Marion Island in 1974 led
to the complete eradication of cats by 1991 (Bester et al. 2000; Greve et al. 2020,
Chap. 8). Since then, seabird populations have recovered, and tussock grasslands
seem to follow suite (Cooper et al. 1995). On the other hand, mice have not yet been
eradicated on Marion Island (see Greve et al. 2020, Chap. 8). Mice harvest up to
100% of the seed crop produced by some plant species (Chown and Smith 1993) and
can cause severe structural damage to keystone species such as the cushion plant,
Agzorella selago (Phiri et al. 2009). They have also begun to prey on seabird chicks
(Fig. 14.3e; Jones and Ryan 2010) and consume large numbers of native insects,
including important keystone species like the flightless moth, Pringleophaga
marioni (Chown and Smith 1993). The knock-on effects of these disruptions to
multi-tropic interactions remain unknown.

14.5 Synthesis and Food for Thought

The South African situation provides unique circumstances to understand the role of
various ecological and evolutionary hypotheses related to biotic interactions in
facilitating or impeding the spread of non-native species. The country’s exceptional
biodiversity and environmental heterogeneity is reflected by an equally diverse and
impressive array of invasive organisms from all over the planet. This provides
unique opportunities to understand how different interaction types (e.g. familiar
vs. novel associations) and their evolutionary context (i.e. eco-evolutionary experi-
ence) shape the outcomes of biological invasions. We found ample examples of
studies that addressed specific ecological interactions of invasive species in
South Africa. Despite very few of these explicitly testing any of the main hypotheses
in invasion ecology that invoke biotic interactions, we found indirect evidence
supporting some of these hypotheses.

Disruption of key mutualistic requirements, such as pollination and
mycorrhization, are expected to impede invasion success. Surprisingly, in
South Africa, there is no indication that any plant invasion ever failed due to a
lack of pollinators, and at best, we speculate that plant invasions might only be
slowed down due to pollination limitation. This observation might reflect a research
bias towards species that have already become widespread, implicating that barriers
to reproduction have already been crossed. Future research should therefore focus on
comparative analyses of the pollination requirements and limitations of non-invasive
and invasive congeners that share similar introduction histories in South Africa.
Available data for insect invasions in South Africa not only support the notion that
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interaction reassembly pathways (novel associations, co-introduction, and co-xenic)
may differently impact invasion outcomes, but also caution that these effects may be
specific to the system studied. Nevertheless, the diversity of multi-trophic level
networks that incorporate insects in South Africa makes them great model systems
to test invasion hypotheses invoking biotic interactions.

Understanding the role of biotic interactions in mediating invasions is compli-
cated and not a trivial task. The expectation that individual biotic interactions, or
even interaction guilds (e.g. dispersal, pollination, parasitism), can mediate the
outcomes of invasions may be unrealistic under many circumstances. Mollusc
invasions in South Africa exemplify this. Despite the obvious and severe negative
impacts imposed by shell parasites on some of these species, their unabated spread in
South Africa probably reflects the fact that other biotic and abiotic interactions, in
combination with unique life-history traits, aid their invasiveness. On the other hand,
one or two interaction types can have massive, and often unforeseen, consequences
for invasions and their ecological impacts. Predation on breeding seabird colonies by
invasive cats and mice on South Africa’s Marion Island is an example of such
unforeseen impacts on multi-trophic interactions, where a decline in birds led to
altered soil nutrient cycling, in turn, reducing plant cover. Reduced plant cover led to
reduced habitat of other marine animals. This serves as a powerful example of how a
keystone species can be indirectly impacted by the presence of one or two invasive
species, with multiple knock-on effects on native species interactions.

The biodiversity consequences of co-introduction, ecological fitting, and co-xenic
associations, as different pathways for interaction reassembly needs urgent attention,
not only in South Africa, but globally. Using legume-rhizobium associations, Le
Roux et al. (2017) recently hypothesised that the severity and rate of accrual of
impacts will be higher on native plants when invasive plants are co-introduced with
their co-evolved mutualists. Testing these theoretical expectations across various
plant-mutualism types provide exciting future research opportunities. On the other
hand, the prevalence of ecological fitting for some biotic interactions suggest that
certain life-history traits predispose invasive species to infiltrate native ecological
interaction networks. For example, most alien plants are readily integrated into
plant—pollinator and plant-seed disperser networks as generalists. Moreover, high
levels of selfing might explain why non-native plants rarely experience pollen
limitation (van Kleunen et al. 2018). These general trends appear to hold for
South Africa, but there are many opportunities to compare aspects of the reproduc-
tive biology of invasive species in their native and introduced ranges. A number of
well-studied plant genera that are invasive in South Africa lend themselves to such
studies, including Acacia, Banksia, Eucalyptus, Hakea, and Melaleuca.

While much research has been focused on biotic interactions during invasion in
South Africa, there are still major gaps in our understanding. In particular, little is
known of the contribution of soil organisms and microbes to South African inva-
sions, but the experiences from elsewhere, e.g. from invasive earthworms altering
forest dynamics (Bohlen et al. 2004) to the widespread loss of biodiversity due to
fungal infections (e.g. Kilpatrick et al. 2010), suggest that we have but scratched the
surface of this fascinating topic (see Janion-Scheepers and Griffiths 2020, Chap. 7).
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Also, the environmental dependency of biotic interactions during invasions remains
understudied, not only in South Africa, but globally. For example, agricultural
pesticides and climate change (Schweiger et al. 2010) are likely to change key biotic
interactions, which could cause major shifts in the trajectories of some invasions.
Similarly, the biotic-dependency of interaction assembly is often neglected. We need
a better understanding of how phylogenetic relatedness between invaders and native
communities is linked with interaction reassembly and what the consequences are of
novel interactions for both invasive and native species. Globally, there are still a
number of knowledge gaps regarding invader-resident species (e.g. symbiont) inter-
actions and their roles in facilitating establishment and invasion (Richardson et al.
2000a). South Africa provides an ideal natural laboratory to fill some of these gaps
(van Wilgen et al. 2020). A large number of good ‘model systems’ have been
identified in South Africa, and in many instances their invader-mutualist/parasite
interactions have been well-studied, providing ideal situations to address some of the
issues outlined above.
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