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Abstract

Schinus terebinthifolia Raddi (Anacardiaceae) (Brazilian pepper tree) is a native tree to
subtropical South America that was introduced into South Africa as an ornamental plant.
Globally, it is regarded as one of the world’s worst invasive trees. In South Africa, this
aggressive pioneer species is becoming increasingly problematic and is being considered as a
target for biological control.

In South Africa the tree has acquired a native seed-feeding wasp, Megastigmus transvaalensis
Hussey (Hymenoptera: Torymidae). The wasp’s native hosts are indigenous Rhus species
(Anacardiaceae), but it has expanded its host range to form a new association with both S.
terebinthifolia and its close relative S. molle L. (Anacardiaceae). In order to quantify the seed
predation by M. transvaalensis on S. terebinthifolia seeds, tree populations were surveyed
across the Eastern Cape and KwaZulu-Natal provinces. The wasp was present at 99% of the S.
terebinthifolia populations with an average of 22% of the seeds being destroyed. In the Eastern
Cape Province, the highest seed damage occurred at the start of the winter months, when about
35% of seeds were damaged. This fell to less than 12% in spring and summer when the plants
were flowering. Megastigmus transvaalensis may have slowed the rate of spread of the plant,
but it is unlikely to reduce population sizes of S. terebinthifolia in South Africa in the long-

term.

Biological control efforts can be assisted by knowing the origin and invasion history of the
target species. Genetic analyses are often the only way to elucidate the invasion history of
invasive alien plants because it is rare to find detailed records of plant introductions. Both
microsatellite and chloroplast DNA analysis were conducted on S. terebinthifolia trees from
the plant’s introduced distribution in South Africa and both Florida and Hawaii, USA. These
samples were compared to plants from the native distribution of South America. The analysis
indicated that the S. terebinthifolia in South Africa was most likely sourced from the state of
Rio de Janeiro in Brazil, which is the same source of the invasive populations in Florida and
Hawaii. Importantly, the South African populations were all found to be “haplotype A”. Plants
samples collected from Hawaii USA were the closest match to the South African plants.
Biological control agents known to damage haplotype A which have been considered for use

in Hawaii and Florida should therefore be prioritised for South Africa.



Schinus terebinthifolia has a broad distribution in South Africa; however, the majority of the
current distribution is limited to the coastal regions along the eastern coast in KwaZulu-Natal
Province. This suggests that the species may be climatically limited. Species distribution
models in MaxEnt were used to predict the suitable ecological niche of the species. Using
occurrence localities from both the native and invaded range to calibrate the models resulted
in 56% of the modelled areas being considered suitable for the growth of S. terebinthifolia in
South Africa. This included areas in the Eastern Cape, Western Cape and Limpopo provinces.
When the models were calibrated using just the native range data, or just the invaded range
data, predicted distributions were more restricted and limited to the coastal areas of the Eastern
Cape and KwaZulu-Natal provinces. The coastal areas between Florianopolis and Santos in
Brazil were highlighted as the most climatically similar to the invasive populations of S.
terebinthifolia in South Africa. These areas should be prioritised if native range surveys for

potential biological control agents are conducted in South America.

Although the native seed-feeding wasp is damaging to S. terebinthifolia in South Africa, the
tree is still not under suitable levels of biological control and is likely to spread and increase in
density. New biological control agents are therefore required. Genetic and climatic matching
has determined where the most appropriate region to collect new potential biological control
agents is. The genetic matching data has also indicated that biological control agents that have
been released, or are being considered for release, in Hawaii and Florida, are likely to be
suitable for the South African plants because they have been shown to be damaging to
‘haplotype A’. These agents should therefore be the first to be considered for release in South
Africa.
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1 Chapter 1: General introduction

1.1 Problem statement

Out of its native range Schinus terebinthifolia Raddi (Sapindales: Anacardiaceae) is an
aggressive, fast growing invader of both natural and disturbed systems. The tree shades out and
displaces native vegetation, often forming dense monocultures that reduce the biological
diversity of plants and animals (Ewel et al. 1982; Cuda et al. 2006). The tree has invaded more
than 20 countries (Morton 1978) including the United State of America (USA) and South
Africa (Randall 2000; Wheeler et al. 2001). In South Africa, S. terebinthifolia is invading
KwaZulu-Natal, Eastern Cape, Limpopo and Mpumalanga provinces (SAPIA 2018).
Uncharacteristically for an invasive plant species, in South Africa the tree has acquired a new
association with a native seed predator, Megastigmus transvaalensis (Hussey) (Hymenoptera:
Torymidae) which is usually associated with the Rhus genus (Anacardiaceae). Megastigmus
transvaalensis has also been accidentally introduced in the USA and into the plants native
range in South America (Wheeler et al. 2001; Ferreira-Filho et al. 2015). The wasp is causing
important damage to seeds of S. terebinthifolia in Florida and Hawaii, USA (Wheeler et al.
2001) and its occurrence in the native range is seen as a threat to the native S. terebinthifolia
(Ferreira-Filho et al. 2015). The effect of the wasp on the South Africa population of S.

terebinthifolia is unknown.

There is intraspecific genetic variation within the S. terebinthifolia population in the plant’s
native range (Williams et al. 2005). Additionally, intraspecific hybridisation between two
haplotypes in Florida USA occurred, and has resulted in a more aggressive invader than the
two haplotypes (progenitors) found in Florida. Impact studies have also indicated that M.
transvaalensis performs differently between the Florida hybrid and its progenitors (Geiger et
al. 2011). Information on the haplotypes found in South Africa are not known and whether the
impact of the wasp is affected by a potential hybrid is also undetermined. ldentifying
haplotypes or hybrids found within South Africa would therefore aid in the management of the
species. Additionally, identifying the introductory history of the species will assist South
African researchers in developing a biological control programme against it (Gaskin et al.
2011).



In South Africa, the S. terebinthifolia distribution is currently limited to regions along the
eastern coastline (SAPIA 2018). This suggests that climate may be driving the distribution of
this species. Knowing regions suitable for S. terebinthifolia will assist in identifying regions
where the species shouldn’t be introduced as well as areas where management should be
prioritised. Additionally, with regard to weed biological control, knowing a species’
distribution in the invaded range can assist in prioritising areas that are climatically similar in
the native range. This allows researchers to prioritise native range surveys to areas that are
climatically representative and thus ensuring collected potential biological control agents are

climatically adapted.

This study aimed to investigate and select drivers behind the invasion of S. terebinthifolia in
South Africa, with the ultimate goal of providing solutions to facilitate in its management. This
was done by quantifying the impact of the native seed-feeding wasp, investigating the genetic
structure and origin of the South Africa populations of the weed, determining the role of climate
in shaping the plants distribution, and prioritising where the most climatically suited potential
biological control agents could be collected. In this chapter, a background to biological

invasions, biological control of weeds, the target weed and its’ natural enemies are provided.

1.2 Biological invasions in South Africa

The introduction of alien invasive species into South Africa coincided with the start of
colonialism in the country (Pooley 2009). The first records of intentionally introduced exotic
species were in 1652, when a Dutch horticulturalist Hendrick Boom started a garden in Cape
Town, Western Cape Province for the Dutch East India Company (Pooley 2009). Global trade
and travel have since continued to contribute to both intentional and accidental introductions
of exotic species (Sala et al. 2000; Keane & Crawley 2002; Richardson et al. 2003; McKinney,
2006). Originally, the intentional introductions of exotic plants were for ornamental use, food,
fibre, soil stabilisation and timber purposes (Pimentel et al. 2005; van Wilgen & Richardson
2014). However recent literature suggests unintentional introductions and the horticultural
industry are the main contributors to the introduction and spread of alien invasive species
(Richardson et al. 2003; Martin & Coetzee 2011; van Wilgen et al. 2012; Faulkner et al. 2017).
In South Africa, there have been an estimated 9000 introductions of alien plants, of which
about 200 are listed as invasive (Macdonald et al. 2003; Richardson et al. 2011). The success

of invasive species establishing and spreading in South Africa means it is one of the most



invaded countries in the world, with both natural and semi-natural ecosystems seriously
affected (Richardson et al. 1997; Moran et al. 2013). South Africa has more invasive alien trees
per square kilometre than any other country (Henderson 2001). These invasive plants
negatively affect biodiversity conservation (Mooney 2005; Vellend et al. 2007) and therefore
need to be managed and controlled (van Wilgen et al. 2001; Richardson & Kluge 2008).

A number of management strategies exist for invasive alien plant species and South Africa
actively manages many invasive species, including woody terrestrial invaders such as S.
terebinthifolia (van Wilgen et al. 2011). Due to their different growth forms, biology’s and the
habitats they are invading, management strategies need to be site and species specific. Three
different methods of control exist for managing invasive alien plants, namely; mechanical,
herbicidal and biological control (DiTomaso 2000; van Wyk & van Wilgen 2002). Integrated
control is another method, which encompasses a variety (at least two) of the methods
mentioned above. It should be noted, unlike South Africa, in some countries biological control

IS not accepted as a control option for invasive plants (van Wilgen & Richardson 2014).

1.3 Mechanical control

Mechanical control is the physical removal or destruction of an invasive plant species. The
magnitude of the control effort can vary greatly from individual seedlings being hand pulled to
large tracks of land cleared with heavy machinery. Mechanical control can be conducted in
combination with fire (van Wilgen et al. 2001). In South Africa, fire has been used to manage
large stands of Australian Acacia species (Richardson & Kluge 2008). Fires often result in the
large-scale germination of seeds stored in the seedbank which can then be cleared with follow
up clearing methods such as hand pulling (Holmes et al. 2008). Mechanical control methods
are usually expensive, have non-target effects and use up valuable person-hours, sometimes
with very little success. For example, in South Africa between 1996 and 2008, the South
African government spent R435 million on mechanical control of Mesquite (Prosopis spp.).
Despite this substantial investment, only about 0.6% of the infestation was controlled each year

and the weed was able to re-grow into the cleared areas (van Wilgen et al. 2012).

1.4 Chemical control

Chemical or herbicide control involves the use of registered herbicides to kill plants (Edgin

2007). The herbicides can be specific to a group of plants, for example, grasses or broad-leaved
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species, leaving other plants unharmed. This method is often used in combination with
mechanical control. In this scenario, herbicide is applied to stumps or to kill seedlings after
felling or burning, which ultimately prevents re-sprouting (Van Wilgen et al. 2001). The size
of application, as in mechanical control, can also vary greatly from targeted individual
seedlings and cut stumps to large foliar applications sprayed from aircrafts. Unfortunately, the
use of herbicides can have negative impacts on the environment because of their toxicity to
non-target plants and their residual times in the environment. Plants can also build up resistance

to herbicides making them less effective (Powles 2018).

Both mechanical and chemical control methods are expensive, labour intensive and
unsustainable for large-scale infestations of invasive alien plants. This is compounded if
mechanical and chemical control measures are poorly executed or not sustained (Holmes et al.
2008).

1.5 Biological control

When a plant is introduced outside of its’ native distribution the natural enemies which usually
feed on it, such as herbivorous insects and fungal pathogens, are usually left behind. The
Enemy Release Hypothesis predicts that this escape from natural enemies results in the
introduced plant having a competitive advantage over native plants in the introduced range
(Williamson 1996; Crawley 1997). The Enemy Release Hypothesis is based on three
fundamental assumptions: 1) natural enemies regulate the abundance of native plant species;
2) natural enemies have a greater impact on native species than on invasive species, and 3)
invasive plants benefit from the reduction of regulator natural enemies (Keane & Crawley
2002). Biological control aims to reverse this enemy release. It involves the intentional
importation of natural enemies (biological control agents), native to the same geographical
region as the target weed species. The intention is to establish the natural enemies in the
invaded distribution, and restore the natural balance existing between the two organisms to
below a certain threshold (De Bach 1964; Harley & Forno 1992; Muller-Scharer & Schaffner
2008; Van Driesche et al. 2010). Biological control is regarded as a cost effective and
environmentally friendly method of controlling invasive weeds. The use of biological control
can reduce the use of herbicides and mechanical control and provide long-term and sustainable
control in both agricultural and natural ecosystems (McFadyen 1998; Fowler et al. 2000;
Clewley et al. 2012).



One of the primary concerns with regard to weed biological control is the risk of non-target
impacts by biological control agents (Simberloff & Stiling 1996; McFadyen 1998). Once an
agent is released it becomes a permanent part of the ecosystem and the changes that the agent
makes to the ecosystem must be positive. For this reason, biological control agents must be
host specific, so that they will only feed on the target weed and not on indigenous or
economically important plant species. It is also important that biological control agents are
suitably damaging to the target weed. The release of ineffective biological control agents
should be avoided whenever possible because there is some innate risk in every new release
(McClay & Balciunas 2005). Biological control agents must therefore be shown to be suitably

host specific and damaging prior to release.

A measure of the safety and efficacy of weed biological control can be made by interrogating
past biological control programmes. Detailed analyses of past weed biological control
programmes have clearly indicated that if done correctly, following standard procedures, the
risks of non-target effects from biological control agents are minimal (Funasaki et al. 1988;
Fowler et al. 2000; Pemberton 2000; Paynter et al. 2004; Suckling & Sforza 2014; Moran &
Hoffmann 2015). It is estimated that less than 1% of all the agents released globally have had
a negative impact on non-target plant populations (Suckling & Sforza 2014) and in all these
cases the non-target impacts were predicted by host specificity testing (Downey & Paterson
2016). The biological control programmes that resulted in non-target feeding are
predominantly older projects and the agents would almost certainly not be released under
current regulations (Groenteman et al. 2011; Hinz et al. 2014; Suckling & Sforza 2014).
Within the countries practicing biological control, 468 biological control agents have been
intentionally released worldwide for the control of 175 weed species in 48 plant families
(Schwarzlander et al. 2018). Of the 313 species for which impact could be categorized, 172
(55.0%) caused medium, variable or heavy levels of damage (Schwarzlander et al. 2018).
Across all countries and regions, 65.7% of the weeds targeted for biological control
experienced some level of control (Schwarzlander et al. 2018). Even with the impressive
success rate and the very limited risk associated with weed biological control, it is not

implemented globally (Shaw et al. 2018).

The main countries practicing biological control are Australia, New Zealand, Canada, USA
and South Africa. South Africa is one of the most active countries with regard to research and

implementation of weed biological control (Moran & Hoffmann 2015). Biological control was



first implemented in South Africa with the introduction of a cochineal insect against a prickly
pear cactus Opuntia monacantha Haw. (Cactaceae) in 1913 (Moran et al. 2013). Since this first
release, 93 species of insects, mites and plant pathogens have been established on 59 IAP
species in the country (Zachariades et al. 2017). An additional 25 species of plants have been
worked on, or are currently being investigated, but do not have biological control agents
established on them yet (Zachariades et al. 2017). In an economic assessment comparing the
costs of biological control research and implementation in South Africa to the benefits of
restored ecosystem services, de Lange & van Wilgen (2010) showed biological control to be
extremely beneficial in economic terms with estimated benefit to cost ratios from 8:1 up to
3726:1. The main benefit of biological control programmes is that they are self-sustaining, so

the benefits continue to be accrued every year after the release of the agent.

1.5.1 Stages of a biological control programme

Schinus terebinthifolia is a new potential target for biological control in South Africa. The steps
in a typical biological control programme involve pre-release assessments in the introduced
distribution; surveys for potential agents in the native distribution; importation of potential
agents into quarantine facilities and host specificity testing; followed by the release of the agent
and post-release evaluation (McFadyen 1998; Van Klinken & Raghu 2006). This study covers
part of the pre-release components of the biological control pipeline for S. terebinthifolia,
including pre-release surveys in the introduced distribution and prioritising where agents

should be sourced through genetic and climatic matching.

Before starting a biological control program, it is important to determine whether potential
agents are not already present on the target weed within the introduced distribution and this
can be achieved by conducting a pre-release survey (Dudley et al. 2008). Some insects or other
natural enemies may have moved with their target species or can be introduced unintentionally
at a later stage. In these scenarios collecting and testing the same species from the native range
would be a waste of both resources and time (Dudley et al. 2008; Canavan et al. 2018). For
example, Robinia pseudoacacia L. (Fabaceaea) was introduced into Europe from the
Appalachian mountain range in USA 400 years ago (Cierjack et al. 2013). Since its introduction
into Europe, four phytophagous insects associated with R. pseudoacacia have made it across
to Europe where they effect R. pseudoacacia populations (Cierjack et al. 2013). Similarly, in

South Africa, the biological control agent Teramesa romana Walker (Eurytomidae:



Chalcidoidea) was found to be present in South Africa prior to the initiation of the biological
control programme (Canavan et al. 2018). With regard to S. terebinthifolia in USA, prior to
overseas exploration for potential agent, a pre-release survey was conducted. This survey
resulted in the discovery of a wasp species later described as M. transvaalensis, which feeds
on the seeds of S. terebinthifolia (Grissell & Hobbs 2000). The primary host plant of M.
transvaalensis is not from the native distribution of S. terebinthifolia but rather from a closely
related plant genus (Rhus) from South Africa (Grissell & Hobbs 2000). Subsequent studies
have shown the wasp to be an important seed-predator of S. terebinthifolia in the USA,
damaging a significant percentage of the seeds. The same wasp has since been located on S.
terebinthifolia in South Africa but its impact has not been determined. These pre-release
surveys highlight the importance of knowing what is already present in the introduced range

prior to exploratory work in the native distribution.

Once the decision to source new biological control agents has been made, the next step is to
determine where the most appropriate biological control agents could be sourced. Genetic
matching is used to determine the source, or origin, of the invasive alien plant population, so
that agents that are adapted to the weed population can be found (Gaskin et al. 2011). There is
evidence that genetic matching of the South African weed population of S. terebinthifolia will
be important for the success of the programme (Williams et al. 2005; 2007; Cuda et al 2019).
Climatic matching is also important at this stage, as agents must be sourced from areas that are
climatically suitable if they are to survive in the introduced distribution after release
(Mukherjee et al. 2012).

Once researchers know where to source potential agents, surveys are conducted in the native
distribution and promising potential agents are imported into quarantine for further testing.
Agents are prioritised based on the likelihood of them being suitably host specific and
damaging (Paterson et al. 2014). It is at this stage of the biological control programme that
agents may be sourced from other countries that have already developed biological control
agents for the same target weed. Utilising biological control agents that are already being used
in other countries can result in a significant reduction in costs and increase the chances of

success of the biological control programme (Paterson et al. 2019).

Once a potential agent is imported into quarantine, it must undergo host specificity testing

(McFadyen 1998). The process and methods of host specificity testing are continuously refined



and improved, but the basic procedure is now considered standard practise in weed biological
control (Wapshere et al. 1989; Van Klinken & Edwards 2002; Briese 2006). Host specificity
testing aims to determine the host range of a potential agent; this is done by testing its
performance on close relatives of the target weed. More and more distantly related plant species
are then tested until the host range has been circumscribed (Wapshere et al. 1989; Van Klinken
& Edwards 2002; Briese 2006). Essentially host specificity testing provides the basic
information upon which the safety of a proposed biological control agent can be assessed
(Heard 2002; McFadyen et al. 1998). The results of host specificity testing are the most
important component of convincing governments or regulating bodies to allow the release of

biological control agents.

Post-release evaluations are an essential, although often neglected, component of any
biological control programme (Morin et al. 2009). Post-release evaluations quantify the success
of biological control, allowing researchers to determine whether further biological control
agents are required to control a weed and whether the resources that were used to develop the
biological control agent were justified. One of the most important contributions of post release
evaluations is that they can provide an economic evaluation of the benefit of biological control
(Morin et al. 2009; Hayes et al. 2013; Hinz et al. 2014; Martin et al. 2018).

1.6 Control of invasive trees in South Africa

The control of invasive trees is particularly difficult compared to other invasive alien plants
because the costs and difficulty of control increases with the amount of biomass that must be
removed from the system (Marais et al. 2004). Even though invasive trees are abundant
worldwide, their management is still limited, with relatively few examples of success (van
Wilgen & Richardson 2014). South Africa has more invasive trees per square kilometer than
any other country (Henderson 2001). It has 17 main invasive tree genera dominated by
Australian Acacia and Eucalyptus species and the European Pinus species, but also including
Schinus sp. (Nel et al. 2004). Chemical and mechanical control has been implemented against
all these species, in some cases involving substantial investments, however, in all cases success
has been limited (van Wilgen et al. 2012; van Wilgen & Richardson 2014). There are, however,
16 species of invasive tree in South Africa that have been subjected to biological control, and

in six cases the level of control achieved has been substantial (Klein 2011). Integrated control
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using biological control, chemical and mechanical control have also proved successful in
gaining large-scale and sustained control of invasive trees in South Africa (Zacharaides et al.
2016). Even though biological control has been shown as the only method of gaining large-
scale control of invasive trees in South Africa its implementation can sometimes be limited
where conflict of interests exist. The biological control of a number of species is restricted,
primarily if they have some form of commercial value. In these scenarios the use of agents that
damage the reproductive organs of the trees are prioritised as they can lead to a reduction of
seed, while still allowing the species to be exploited commercially for its timber, thus avoiding
conflicts of interest (Impson et al. 2011). In some cases, biological control is completely
abandoned and not considered, as is the case of Pinus species in South Africa (Lennox et al.
2009). Fortunately, no conflict of interest is expected with regard to the management of S.
terebinthifolia in South Africa as it is only utilised as an ornamental plant and is not grown

commercially.

1.7 Study species

1.7.1 Schinus terebinthifolia Raddi (Sapindales: Anacardiaceae)

The accepted name of the focal organism of this study is Schinus terebinthifolia (The Plant List
2018; GBIF 2019) and this is the name used throughout this thesis; however, Schinus
terebinthifolius a synonym of Schinus terebinthifolia is regularly encountered within the
literature. The common name of S. terebinthifolia is regionally dependent; some of these names
include Brazilian peppertree, Bahamian holly, Florida holly, broadleaf pepper, Brasiliaanse

peperboom (Afrikaans) and Christmas berry tree (Orwa et al. 2009)

Schinus terebinthifolia belongs to the Schinus genus of the family Anacardiaceae, which has
about 80 genera and about 600 species which are primarily trees and shrubs. The cashew,
pistachio, mango, sumac and poison oak are commercial species within the family (Hight et al.
2002). The genus Schinus has 28 species and its centre of distribution is northern Argentina
(Barkley 1944; 1957). In South America, Barkley (1944) recognised five varieties of S.
terebinthifolia namely, S. terebinthifolia var. terebinthifolia Raddi from Venezuela to
Argentina; S. terebinthifolia var. acutifolius Engl. from southern Brazil and Paraguay to
Missiones in Argentina; S. terebinthifolia var. pohlianus Engl. (the most common variety of

the species) from southern Brazil to Paraguay and northern Argentina; S. terebinthifolia var.



raddianus Engl. from south-central Brazil; and S. terebinthifolia var. rhoifolius (Mart.) Engl.
from south-central Brazil (Hight et al. 2002). Visually, varieties are difficult to differentiate
based on their morphologies (Ferriter 1997). Additionally, Williams et al. (2005) investigated
the native genotypes of S. terebinthifolia and found 10 different haplotypes (A-J) distributed
within the plants native range as well as a hybrid between two Haplotypes found invading
Florida, USA.

Schinus terebinthifolia is a evergreen tree growing up to six meters in height. The tree has a
strong trunk with spreading, horizontal branches that form a dense round or oval-shaped crown
(Henderson 2001; Lenzi & Orth 2004a). The tree’s leaves are dark green and have prominent
pale veins. The flowers are small and white and appear from September to March in South
Africa. The tree is primarily a dioecious species, with male and female flowers occurring on
separate trees, although some monecy is known (Ferriter 1997). Schinus terebinthifolia is a
prolific seed producer, with bright red drupes surrounding a single internal seed (Dlamini et
al. 2018). In South Africa drupes are primarily found during the winter but in the USA fruits

have been shown to persist on trees for up to eight months (Ferriter 1997).

As early as 1919, planting of S. terebinthifolia was recommended for ornamental, hedging, and
shade purposes in South Africa (Potts 1919; Sim 1919). However, the first official record of
naturalised S. terebinthifolia in South Africa is from the 1980’s from sites in KwaZulu-Natal
Province (SAPIA 2008; Figures 1.1 and 1.2). The species now has a broad distribution in South
Africa, having been recorded as escaping cultivation in four provinces (KwaZulu-Natal,
Eastern Cape, Gauteng and Limpopo provinces) (NEMBA 2014). The vast majority of sites

(over 90%) are located along the KwaZulu-Natal coast line (Figurel.1).
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Figure 1.1 Relative abundance of Schinus terebinthifolia at recorded sites in South Africa
(SAPIA, 2008).
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Figure 1.2 First records of Schinus terebinthifolia populations in South African populations
(SAPIA, 2008).

Schinus terebinthifolia has proved difficult to control in KwaZulu-Natal Province which
is the only province where control has been attempted. The tree has a number of
characteristics which make it an excellent invader and difficult to control. Namely, it has
a high growth rate, prolific seed production, a high germination rate, shade tolerant
seedlings, and the bright drupes readily attract seed dispersing birds and mammals (Stone
et al. 1992).

In some countries, this tree has beneficial attributes and commercial value. In the native
range the tree is recommended for land reclamation (Ferreira-Filho 2015), due to its pioneer
properties and attractiveness to birds (High et al. 2002) and its ability to develop in soil with
low nutrient levels (Ferreira-Filho 2015). Also in the native range, the leaves, bark, seeds, resin
and oleoresin of S. terebinthifolia are used as medicine (Gundidza et al. 2009). Out of the plants
native range, records exist for where the tree has been used for medicinal, cosmetic, and
culinary purposes (Barbosa et al. 2007; Guzzo da Silva et al. 2015). It is common in many
countries to see the fruits and leaves used in wreaths during Christmas periods (Grissell &

Hobbs 2000). In South Africa, concentrated liquid from boiling leaves is inhaled for colds,
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hypertension, depression and irregular heartbeat (Gundidza et al. 2009). In Zimbabwe a
neighbouring state to South Africa, concentrated liquor from crushed leaves or bark is drunk
to relieve bronchitis and rheumatism (Wild et al. 1972). The use of S. terebinthifolia drupes as
red peppercorns for culinary purposes is the most common utilisation of the species and is
probably what has led to the broad global distribution of the tree (Habeck et al. 1989; Grissell
& Hobbs 2000).

1.7.2 Implemented control measure for Schinus terebinthifolia Raddi

In invaded areas of South Africa, the tree has either been left unmanaged or control has been
attempted with mechanical (botanical society 2018). Large-scale control has not been achieved
and the tree continues to spread as evident from the growing number of records on the SAPPIA
database (L. Henderson pers. comm. Plant Protection Research Institute PPRI-ARC) (Figure
1.2). These results are similar to Florida where extensive mechanical and chemical control
methods used for a number of decades have only provided a temporary solution for the plant
(Doren & Jones 1997; Hight et al. 2002; Cuda et al. 2013). In 2011, Florida spent an estimated
$1.7 million on control of S. terebinthifolia, and over $10.5 million was spent from 1998-2006
with limited success (Rodgers et al. 2012). Biological control has only been attempted in
Hawalii however there are pending petitions for the release of potential biological control agents
into Florida USA (Hight et al. 2002; Cuda et al. 2019).

1.7.3 Biological control of Schinus terebinthifolia in the USA

Work for potential biological control agents for S. terebinthifolia was initiated in Hawaii in
the 1950s and resulted in the release of three insect species, of which only two established
(Krauss 1962; 1963; Hight et al. 2002). In Florida, explorations for biological control agents
in South America were initiated in 1987 (Bennett et al, 1990). A large arthropod fauna (139
species) was found associated with the plant in Brazil. Further surveys conducted by
researchers of the University of Florida and the Universidade Federal do Parana in Curitiba,
Brazil have increased the insect fauna to at least 200 species (Bennett et al. 1990; Bennett &
Habeck 1991). the 1980s and 1990s (McKay et al. 2009). Several insects were identified
from exploratory surveys in Brazil during the 1990s as potential biological control agents.
Two of the insects: a defoliating sawfly Heteroperreyia hubrichi Malaise (Hymenoptera:
Pergidae), and a shoot feeder thrips Pseudophylothrips ichini Hood (Thysanoptera:

Phlaeothripidae) were collected and introduced into Florida quarantine in 1994 to conduct
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host-specificity testing by J. Medal. (Medal et al. 1999), further surveys were conducted.
Wheeler et al. (2016) conducted surveys from 2005-2014 in South America and reported
about 150 herbivore species that may be associated with S. terebinthifolia. A subsequent
survey in Brazil found 120 phytophagous species; over 40 of these species were considered
suitable control agents and further investigation of their host ranges were conducted (Wheeler
et al. 2016). Explorations conducted in Argentina by McKay (2009) revealed 36
phytophagous insect species and one fungi associated with S. terebinthifolia. Species that
were considered for release in the USA and that could potentially be effective in South Africa

are discussed in Chapter 5.

In the USA an unintentional introduction of seed-feeding wasp, M. transvaalensis from South
Africa has provided certain levels of biological control (Wheeler et al. 2001). The wasp is
native to South Africa where it is known to be a seed predator of Rhus species. In Florida the
overall seed mortality caused by this wasp has been reported to be as high as 76% (Wheeler et
al. 2001). Similar results were recorded in Hawaii with 80% seed mortality (Hight et al. 2002).
The impact of the wasp on S. terebinthifolia in South Africa has not yet been considered.
However, a study done in the Western Cape Province by Iponga (2009) recorded the same
wasp feeding on the closely related S. molle, reducing the pre- and post-dispersal survival of S.

molle seeds.

South Africa is currently considering a biological control programme against S. terebinthifolia.
The extensive and continuing biological control programme in Florida will significantly
contribute to developing a biological control programme. Previous biology, impact and host

specificity work done in USA can be used to prioritise agent appropriate for South Africa.

1.8 Obijectives of the study

The aim of this study was to determine whether biological control of S. terebinthifolia is
required and, if it is required, where the most effective biological control agents could be
sought. The first objective, reported on in Chapter 2, was to determine the distribution and
impact of the seed-feeding wasp M. transvaalensis. Knowing if the wasp is contributing to
management of the tree in South Africa will assist when selecting potential biological control
agents. In Chapter 3, the origin and population genetics of S. terebinthifolia were investigated.

Schinus terebinthifolia has a number of haplotypes and a known hybrid, and knowing which
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haplotype and/or hybrid are invading South Africa is important for all management strategies,
and for biological control in particular. In Chapter 4, climatic matching was conducted to
determine where the most climatically suitable biological control agents could be sourced for
the plants native distribution. Finally, in Chapter 5, the importance of genetic and climate
matching in biological control programmes are discussed, potential biological control options
for S. terebinthifolia in South Africa are considered, and management priorities are suggested.
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2 Chapter 2: Quantifying predation of Schinus terebinthifolia seeds by

Megastigmus transvaalensis

2.1 Introduction

One of the reasons for the success of invasive species out of their native range is an escape
from natural enemies. Any species leaving its indigenous range escapes a number of controlling
mechanisms including plant herbivores, diseases and other natural enemies. If environmental
conditions are suitable, this can result in a rapid increase in distribution and abundance and the
plants becoming invasive (Keane & Crawley 2002). This hypothesis forms the conceptual basis
for classical weed biological control programmes, where deliberate introductions of the
invasive species’ herbivores have been shown to have controlling effect on populations of
invasive plants. Biological control agents are usually chosen from the insects or diseases that

feed on the plant in their shared native distributions.

However, in some cases, herbivores that feed on close relatives of that target weed can move
onto the target weed in the introduced distribution and may provide some level of control.
These herbivores have no evolutionary history with the target weed, making them very
different to typical biological control agents. Such ‘new association’ can even lead to a greater
impact on the weed than that provided by herbivores with long evolutionary associations
(Robinson & Wellborn 1988; Hokkanen & Pimentel 1989; Baltz & Moyle 1993; Creed &
Sheldon 1995; Trowbridge 1995). New associations between invasive plants and potential
biological control agents are typically generated as part of experiments carried out during
biological control programmes, but on rare occasions invasive plant species are colonised by
species native to the new range of the invasive species. An example is seen in South Africa
where the South American S. terebinthifolia and S. molle have been accepted by a native seed

predator M. transvaalensis (Grissell & Hobbs 2000; Iponga et al. 2008).

The impact and distribution of the wasp on S. terebinthifolia are unknown in South Africa. It
is assumed that because South Africa is the indigenous range of the species the primary hosts
may provide refuges for when S. terebinthifolia seeds are not available for the wasp, thereby
allowing numbers to increase as seen in S. molle (Iponga et al. 2008). The aims of this study

are to determine the impact of M. transvaalensis on S. terebinthifolia and to see if there are
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geographical or temporal differences in its abundance. This information may prove vital when
prioritising biological control agents because if M. transvaalensis damages enough fruits there
would be no need to consider alternative fruit feeding agents such as Lithraeus atronotatus Pic
(Coleoptera: Bruchinae) a fruit feeding bruchid known from the tree’s native range (McKay et
al. 2009).

2.2 Study Species

2.2.1 Megastigmus Dalman (Hymenoptera: Torymidae)

Subfamily Megastigminae of the Torymidae has over 160 described species, with one-third
phytophagous species specialising in feeding on seeds, one-third parasitoides of gall-forming
insects, and one-third having unknown host records (Grissell 1999; Noyes & Sadka 2003).
Forty-nine species of the seed feeders are associated with conifers and 21 species develop in
seeds of five families of Angiosperms (Rosaceae: 13 spp.; Anacardiaceae: four spp.; Fabaceae:
two spp.; Aquifoliaceae: one spp.; Hamamelidaceae: one spp (Roques et al. 2016).
Megastigminae hypogeus (Hussey), M. thomseni (Hussey), and M. transvaalensis (Hussey) all
attack the seeds of Anacardiaceae (Hussey 1956; Grissell & Prinsloo 2001).

2.2.2 Megastigmus transvaalensis (Hussey) (Hymenoptera: Torymidae)

Megastigmus transvaalensis was synonymised in 2001 from two species, Eumegastigmus
transvaalensis (Hussey) and Eumegastigmus rhusi (Hussey) (Grissell & Prinsloo 2001; van
Noort 2018). Megastigmus transvaalensis is a seed-feeding chalcid wasp native to South
Africa that was first described in 1956 by Hussey on seeds of the exotic red pepper tree S.
molle, a sister species of S. terebinthifolia, and was first recorded on S. terebinthifolia in 1998
(Grissell & Hobbs 2000; Scheffer & Grissell 2003). The wasp has also been recorded utilising
another Schinus species, Schinus polygamus (Sapindales: Anacardiaceae) in Chile (Pujade-
Villar & Caicedo 2010; Fernandes et al. 2014).

Megastigmus transvaalensis is found in most parts of the world where Schinus is present
(Roques et al. 2010; Liebhold et al. 2012). To date the wasp is found in Florida, California and
Hawaii, USA (Wheeler et al. 2001; Scheffer & Grissell 2003), the Canary Islands (Grissell
1979), Reunion, Mauritius (Habeck et al. 1989), Brazil (Ferreira-Filho et al. 2015) and

Argentina (Wheeler et al. 2001). Possible reasons for this widespread distribution is the poorly
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regulated trade of S. terebinthifolia seeds as red peppercorns of Schinus species (Auger-
Rozenberg & Roques 2012). Regulations concerning the trade in tree seeds are not in place in
a number of countries. Trade through the internet is developing, allowing seeds to move quite

freely all over the world (Roques et al. 2016).

2.2.3 Basic Biology

The complete life history of M. transvaalensis has not been investigated however, some
biological information is known and some is assumed from similar species (Cuda et al. 2008).
Adult M. transvaalensis are pale yellow-brown in colour (Figure 2. 1 a & b). Males range in
size from 2.3 to 2.9 mm whereas females tend to be larger. Body length for female wasp ranges

from 3.1 to 3.4 mm. The length of the abdomen and ovipositor range from 1.2 to 1.4, and 1.5

to 1.9 mm respectively (Cuda et al. 2008). Almost half of the overall body length in females is
due to the ovipositor (Figure 2.1a) (Van Noort 2018).

Figure 2.1 Female (left) and male (right) Megastigmus transvaalensis (Hussey) (Hymenoptera:

Torymidae) (photos: van Noort 2018).

Gravid females of M. transvaalensis may lay up to 10 to 25 eggs (Cuda et al. 2008). The eggs
are usually deposited individually within a S. terebinthifolia drupe however more than one may
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be deposited, larvae are cannibalistic and therefore usually only one larvae will complete its
development within a drupe. There are five instars, the same number of instars reported for M.
nigrovariegatus Ashmead (Cuda et al. 2008). Larvae transform into pupae within the drupe
and may remain in the drupe for many months in a stage of prolonged diapause. Prior to
emergence of the adult wasp, it is difficult to distinguish between infested and uninfested
drupes, as there is no external evidence of the insect developing inside the seed. Adult
emergence is determined by photoperiod, which usually coincides with the flowering phase of
S. terebinthifolia (Wheeler et al. 2001).

2.3 Methods and Materials

2.3.1 Distribution and Impact

A field trip was conducted to sites within the distribution of S. terebinthifolia in South Africa
during May 2016 (Figure 2.2). Over 60 populations within the Eastern, Western Cape and
KwaZulu-Natal provinces were visited. At each site, drupes were collected from a single
randomly selected tree within the population. The drupes were then placed in a paper bag,
labelled with tree number, geographical co-ordinates and region of occurrence. The drupes
were later examined in the laboratory for seed predation by counting the number of intact and
externally damaged seeds under a dissecting microscope. The drupes were then placed in
emergence jars under a 12:12 photoperiod artificial light regime at 20°C to stimulate wasp
emergence. After four weeks, the drupes were re-checked for emergence and the remaining

seeds were dissected to look for larvae or pupae.
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Figure 2.2 Localities of sampled Schinus terebinthifolia in KwaZulu-Natal Province, South
Africa

2.3.2 Monthly sampling

In order to quantify seasonal change in M. transvaalensis impact on S. terebinthifolia, as well
as if there were site-specific differences, repeated surveys were conducted at four sites in the
Eastern Cape Province (Figure 2.3). Surveys were conducted during May, August, October and
December in 2016 and January, February, March, April, May, June, July, and August in 2017.
The number of fruit on the trees was visually estimated and the presence or absence of flowers

noted.

At each site, drupes were collected from randomly selected trees (n = 7). Only mature bright
red drupes were collected (Wheeler et al. 2001). The drupes were placed in paper bags,
labeled with the tree number, site and co-ordinates. They were later examined in the laboratory
under a dissecting microscope. One hundred drupes were randomly selected and checked for
predation. Insect-damaged drupes were separated from other damaged drupes using the

presence of insects inside the seeds or the presence of emergence holes as indicators. Insect-
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damaged drupes were kept in a container for four weeks post sampling, and where covered
with a cotton screen for aeration until the insects emerged. The insects that were recorded from
the seeds were photographed and where necessary samples were sent to Iziko Museum, Cape
Town, South Africa for identification. After four weeks, the seeds were re-checked for
predation and the damaged drupes counted. The remaining drupes were individually dissected

to check for any dead or diapausing larvae and pupae.
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Figure 2.3 The locations of four repeatedly surveyed populations of Schinus terebinthifolia in

the Eastern Cape Province of South Africa.

2.3.3 Germinations trails

During each sampling event, more than the required 100 seeds for the damage assessment were
collected. These extra seeds were used for germination trails using the Tetrazolium Test

(Verma & Majee 2013). One-hundred seeds were collected for Eastern Cape sites and 50 seeds
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from sites in Kwa-Zulu-Natal. Seeds were cut in half and placed in a glass with tetrazolium
solution covered by aluminium foil to avoid light and placed in an incubator 20 °C for 12 hours.
The liquid was drained and stained half seeds were counted under a microscope. Actively
respiring tissues stain pink with this test. Only healthy, undamaged seeds were used in this
experiment as it intended to calculate the percentage of viable seeds without the damage of

M. transvaalensis.

2.3.4. Data analysis

The sampled populations within towns were grouped with each town regarded as a single study
site. Descriptive statistics were generated using Microsoft Excel. A factorial ANOVA was
conducted to determine differences between regions and between the sampling periods. Post-
hoc pair-wise comparisons were conducted to calculate any significant differences. The
germination trails were conducted on grouped drupes taken over the whole sampling period,
so the variance could not be calculated.

2.4 Results

In total 26300 seeds examined from 74 sites in South Africa. Of these 20.8 % were damaged
by M. transvaalensis. The only seed attacking herbivore that was encountered during surveys
was M. transvaalensis, with no other species being recorded and no seeds damaged by other

natural enemies.

2.4.1 KwaZulu-Natal Province

Forty-seven sites were sampled across KwaZulu-Natal Province (Figure 2.2). The highest
number of damaged drupes by M. transvaalensis was 60%, which were recorded at Station Rd
Mzumba 62 (-30.621250; 30.54368). There was only one site, Dube Village (-29.7018;
30.9715), where no damage was recorded. On average 23.1% of drupes were damaged and
there was no apparent variation in the distribution of the wasp as it was found in 46 of the 47

seven sites sampled across the known invaded range in KwaZulu-Natal Province.
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Figure 2.4 Numbers of damaged Schinus terebinthifolia drupes across samples sites in
KwaZulu-Natal Province, South Africa (n=47 trees). Maximum and minimum

damage levels are indicated and the Mean is marked with an X

2.4.2 Eastern Cape Province

Monthly sampling in the Eastern Cape Province recorded the highest damage as approximately
35% in four populations during May of 2016. The lowest number of damaged seeds by M.
transvaalensis was in December in Grahamstown where 15 % damage was recorded (Figure
2.5). No fruits could be sampled during January 2017 and April 2017 as the trees were
flowering and no suitable fruits were available. There was a general decrease in damage from

the start of winter leading towards spring and summer. This coincided with the amount of fruit

present on the trees.
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Figure 2.5 The number of S. terebinthifolia drupes damaged by M. transvaalensis in Eastern Cape
Province: East London, Port Alfred, Grahamstown and King Williams Town.At only two sampling
events were there significant differences in the damage between the sampling localities. These
were in December 2016 where there were significantly less drupes damaged in East London
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% damge seeds

than the other three sampling localities (F=10.9; P=0.001) (Figure 2.5). There were also
significantly less drupes damaged in August 2017 at East London, Port Alfred and
Grahamstown compared to King Williams Town (F=6.4; P=0.0002). There was no difference

between the four sites during the rest of the sampling periods (P >0.05) (Figure. 2.6).

Eastern Cape Province

40
(%]
(]
Q.
2 30
©
: |
® 20 I
§
(a)
x 10 I It
0
Vo) Vo) o o (o} (Vo) (o} Vo) M~ ™~ N~ N~ N~ M~ N~ N~
v o9 9 o 94 2 9 9 9 9 g 9 g 9 94
s S 3 ¥ § 8 3 3 § ¢ & s 7z 5 3 9%
s = I w O z2z o - o S < s S <
O East London Port Alfred M Grahamstown B King Williams Town

Figure 2.6 The damaged Schinus terebinthifolia drupes on different dates at each of the four
study populations in the Eastern Cape Province (East London, Port Alfred,
Grahamstown and King William’s Town). Arrows indicate significant differences

between sites. Error bars represent standard error.

Data were combined to give an indication of the trends in the Eastern Cape Province over time
(Figure 2.7). No fruit were present from January to April when the plants were flowering. There

were significantly less damaged seeds in October and December, May and August compared

casiern Lape
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to the other months sampled where there were drupes available. There were no statistical

differences between the rests of the months (F= 13.7; P > 0.05) (Figure 2.7)
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Figure 2.7 The percentage damaged Schinus terebinthifolia drupes from sites surveyed across
the Eastern Cape Province. Pictures indicating amount of available fruits and
flowers as well as the season. Error bars represent standard error letters indicate

statistical difference.

The highest germination rate of drupes was recorded in from Port Alfred (48%), followed by
East London (24 %) and Grahamstown (20%). The lowest germination was recorded in King
William’s town (13%) (Figure 2.8).
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Figure 2.8 Germination of Schinus terebinthifolia from sites in the Eastern Cape in East

London, Port Alfred, Grahamstown and King William’s town in December.
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2.5 Discussion

The study revealed that the native wasp M. transvaalensis was the only endophagous seed
predator of S. terebinthifolia in both the Eastern Cape and KwaZulu-Natal provinces. This
confirms previous studies that have shown that alien plant species have fewer natural enemies
in the introduced range than where they are indigenous (Maron & Vila 2001; Keane & Crawley
2002; Mitchell & Power 2003). Enemy release may therefore give S. terebinthifolia a
competitive advantage over indigenous plants in South Africa.

The wasp was found at all sampled locations, indicating a broad distribution in South Africa.
Iponga (2009) also found M. transvaalensis over a broad distribution; it was recorded in all
sampled sites for S. molle during a three-year study between the cities of Cape Town and
Kimberly separated by 1000 km. A similar broad distribution by the wasp is also seen in the
introduced range in the USA (California, Hawaii, and Florida) and South America (Wheeler et
al. 2001; Hight et al. 2003; Ferreira-Filho et al. 2015), suggesting the wasp is an excellent
disperser and able to survive under many different climatic conditions. The known indigenous
host plants of M. transvaalensis R. crenata Thunb., R. lancea L.f., R. angustifolia L., and R.
leavigata L. (Grissell & Hobbs 2000; Cuda et al. 2002), are also widely distributed in South
Africa, overlapping with S. terebinthifolia and S. molle populations (Henderson 2001; Coates-
Palgrave 2002).

In the USA, M. transvaalensis has been regarded as a beneficial natural enemy for S.
terebinthifolia, due to its impact on the seeds (Wheeler et al. 2001). The wasp could be assumed
to be playing a similar role in regulating plant populations in South Africa. The presence of M.
transvaalensis in studies done in the USA showed significant damage to S. terebinthifolia seeds
with mortality as high as 76% in Florida (Wheeler et al. 2001) and 80% in Hawaii (Hight et al.
2003). In Brazil, M. transvaalensis is regarded as a problematic invasive species and was found
to damage between 1% and 55% of the seeds of S. terebinthifolia (Ferreira-Filho et al. 2015).
The same high levels of seed predation were not recoded in South Africa, although moderately
high damage (35%) was recorded in winter. The presence of matured seeds during the winter
months was probably the reason for increased damage, as the wasps are known to deposit eggs
on red fruits (Cuda et al. 2002). The average mortality on the seeds in South Africa was 23.1
% (£ 9.75 SE), which is low in comparison to Florida and Hawalii (Wheeler et al. 2001; Hight

et al. 2003) as well as when comparing with S. molle in South Africa, which had seed mortality

27



as high as 75.33 % £ 7.9 in the summer-rainfall region and 32. 80 % + 7.9 in the winter- rainfall
region (Iponga et al. 2008). In the Eastern Cape Province, there were low numbers of Rhus sp.
or S. molle trees in close proximity to the sampled sites, which may have contributed to the low
percentage damage recoded on S. terebinthifolia. This is supported by Iponga (2009) who
stated that the high percentage of insect seed predation in the summer-rainfall region was
probably due to the widespread occurrence of the indigenous R. lancea at sites where most of
the sampling of S. molle populations was conducted.

The viability of seeds from all four towns in the Eastern Cape were tested. Port Alfred had the
highest percentage, with 48% of seeds being viable. However, the seeds that were tested for
viability were not seeds that have been ingested and regurgitated by birds before being tested.
Panetta and McKee (1997) have indicated that the fruit of S. terebinthifolia have a near-obligate
requirement to be ingested and regurgitated before seeds can germinate. They showed that
manually removing the pulp, as was conducted in this experiment, increases the chance of
germination in the absence of bird regurgitation. The percentage of germination in Port Alfred
were similar to a study conducted by Dlamini et al. (2018) who showed 45-58% of S.
terebinthifolia seeds in KwaZulu-Natal that were planted after being regurgitated by birds to
be viable. The study by Dlamini et al. (2018) confirmed the results of Panetta and McKee
(1997) showing that whole fruit of S. terebinthifolia germinated at a slower rate than seeds that
were ingested and regurgitated by birds. Removal of the seed from the fruit by ingestion and
excretion or manual means promotes seed germination, and germination rates do not differ
between bird-ingested seeds or mechanically peeled seeds (Panetta & McKee 1997). These
data suggest that there is an abundance of viable seeds in South Africa despite the damage from
the wasp and that these seeds will be dispersed by birds resulting in the spread of S.
terebinthifolia in the country. Infield germination, survival of germinated seeds and seedling
survival were not tested as part of this study and would play an important part in understanding

the tree’s demography in South Africa and on how to manage the species.

The movement of the seed predator onto an invasive species does provide an interesting case
study looking at new associations. The success of the new association in regulating the exotic
species may be dependent on the recruitment rate of the native herbivore and how resistant the
weed species is to the possible attack (Tahvanainen & Niemela 1987). The nature of the
interaction also depends on the ability of the native species to colonise the new species, factors

such as taxonomic relatedness of the exotic and native plants (Tabashnik 1982) and
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phytochemical similarities amongst the plant species (Bruce et al. 2005). Ehrlich & Raven
(1964) proposed that chemical compounds shared by related plants (due to common descent)
are what stimulate feeding and oviposition by specialized insects. This is because closely
related plant species have similar biochemical, morphological and physiological traits. With
many factors affecting possible interaction between native herbivores and exotic plants, the
ability of an insect to colonise a new host is therefore typically related to how host specialised
it is (Fraser & Lawton 1994). Specialists may be less able to utilise new hosts over their native
hosts (Parker 2012). Therefore new associations of monophagous insects are relatively rare
(Hokkanen & Pimentel 1989; Trowbridge 1995; Robinson & Wellborn 1988; Baltz & Moyle
1993; Creed & Sheldon 1995). Seeing that M. transvaalensis is able to complete its life cycle
on a number of Rhus species as well as S. terebinthifolia or S. molle this is a new association
of an oligophagous insect. The impact on the tree is not particularly high in South Africa and
the tree does not seem to be significantly impacted by the species to the point of reducing its
populations. This could be explained by the presence of alternative, and possibly preferred host

plants in the native distribution of South Africa which are not present in USA and Brazil.

Regardless of the high rate of damage by M. transvaalensis in Florida and Hawaii, biological
control has still been pursued because the wasp was not able to bring the tree to an acceptable
level of control (Hight et al. 2002; Cuda et al. 2016; Wheeler et al. 2016). The low rate of seed
predation in South Africa is a cause for concern, as the wasp has been recognized as a good
natural enemy in comparison to the agents that were sampled from the native range (Wheeler
et al. 2001; Hight et al. 2002). Furthermore, given that seedling, survival is low for S.
terebinthifolia (Ewel 1986); wasp damage may contribute significantly to reducing the spread
of S. terebinthifolia (Hight et al. 2002). Therefore, determining the extent to which seed
predation reduces the invasive potential of S. terebinthifolia was important to know if it is
reducing its further spread (Milton et al. 2007; Iponga et al. 2008). The low levels of damage
in South Africa suggest that there is little impact from the wasp compared to the USA and that
the plant is likely to increase in density and distribution via seeds in the absence of further
management. It is therefore suggested that biological control be considered for S.
terebinthifolia in South Africa and that seed-feeding agents should be considered despite the

presence of the seed-attacking wasp.
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3 Chapter 3: Determining genetic diversity and the introduction history of Schinus
terebinthifolia in South Africa.

3.1 Introduction

Management of biological invasions can be assisted by knowing the invasion history of a
species (Gaskin et al. 2011; Hopper et al. 2018). Genetic analyses are often the only way to
elucidate invasion history, as records on the timing and location of introductions are usually
lacking or misleading (Estoup & Guillemaud 2010). Phylogeographic studies of introduced
species can also give important insights into the number of independent introductions and their
subsequent expansion and patterns of gene flow (Shirk et al. 2014). This information can play
acrucial role in providing information for developing management strategies for invasive alien
species, especially for the development of weed biological control programmes (Goolshy et al.
2006; Paterson et al. 2009; Rollins et al. 2009). Genetic studies to elucidate the invasion history
and the source of invasive alien plant populations have therefore become standard practice in
biological control programmes (Gaskin et al. 2005; Goolsby et al. 2006; Madeira et al. 2007;
Haufbauer & Sforza 2008; Paterson et al. 2009; Paterson & Zachariades 2013; Canavan et al.
2017; Kwong et al. 2017).

In their introduced range, exotic species are expected to have lower genetic diversity because
of the limited number of propagules that are typically introduced to found the population
(Burdon & Marshall 1981; Williams et al. 2005). There are, however, some cases where genetic
diversity of introduced plant populations has been greater than expected, possibly due to
multiple introductions and the mode of reproduction of the plant in question (Sutton et al. 2017;
Kwong et al. 2017). Plants with clonal modes of reproduction are likely to have lower genetic
diversity, such as the apomictically reproducing pompom weed, Campuloclinium
macrocephalum (Less.) DC (Asteraceae) (Gitonge et al. 2015), and the cactus, Pereskia
aculeata (Miller) (Cactaceae), which reproduces primarily through fragments of stems broken
off the main plant (Paterson et al. 2009), which both had very low levels of genetic diversity
in their introduced distributions compared with their native ranges. There are also a number of
examples of invasive species displaying rapid evolutionary changes after introduction, which
implies that there has been sufficient genetic diversity for selection to act on (Lee 2002;
Allendorf & Lundquist 2003; Stockwell et al. 2003). One explanation for this is that some alien
plants have had a recovery of genetic diversity, often as a result of multiple introductions from

different source populations followed by hybridisation between them (Williams et al. 2005;
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2007). A combination of multiple introductions and outcrossing through sexual reproduction
is thought to have resulted in the very high levels of genetic diversity of the invasive tree
Spathodea campanulata (Beuv.) (Bignoniaceae). This is an African tree that has become
problematic in the Pacific Islands (Sutton et al. 2017). The high levels of genetic diversity, as
well as the sources of the many possible introductions to the Pacific region, are also likely to
influence the efficacy of biological control, and knowledge of the invasion history of S.
campanulata in the Pacific has been an essential component of the biological control

programme (Sutton et al. 2017).

Similarly to S. campanulata, invasive alien populations of S. terebinthifolia in Florida, USA,
originated from multiple introductions, resulting in increased genetic diversity and increased
invasive potential (Williams et al. 2005; 2007; Geiger et al. 2011). Phylogeographic studies of
Florida’s historical records of S. terebinthifolia have revealed two separate introductions
(Morton 1978) that have been found to originate from different geographic source areas in the
plants native range in Brazil and are referred to as haplotype A and B in the literature (Williams
et al. 2005). Intraspecific hybridisation between the two haplotypes has subsequently occurred
and resulted in novel hybrid genotypes (Williams et al. 2005). This has increased genetic
variability in the invaded range, and facilitated rapid adaptations to new niches (Williams et al.
2007; Suarez & Tsutsui 2008; Geiger et al. 2011).

Phylogeographic studies also help provide important baseline information for biological
control, as herbivores are often sensitive to plant genotype (Lambert & Casagrande 2007;
Bhattarai 2015; Cronin et al. 2016). Goolsby et al. (2003; 2006) demonstrated this sensitivity
with populations of an eriophyid mite collected for biological control of Lygodium
microphyllum (Cav.) R. Br. (Lygodiaceae). Mites collected from plants from the source of the
invasive population performed better on the weed genotype and had reduced fitness and
efficacy on plant genotypes from other parts of the plants native distribution (Goolsby et al.
2003; 2006). In a study on S. terebinthifolia in Florida it was shown that the introduced seed
parasitoid, Megastigmus transvaalensis (Hussey) (Torymidae), performed poorly on the hybrid
S. terebinthifolia individuals in comparison to the two progenitors (haplotypes A and B)
(Geiger et al. 2011). Genetic techniques can assist in determining the source of invasive plant
populations, as well as the invasion history, thereby ensuring that an agent is selected from the
source area in the native distribution of the introduced species, which is where the most
effective agents are likely to be found (Roderick 2004; Goolsby et al. 2006; Gaskin et al. 2011).
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The history and pathways of introduction of S. terebinthifolia in South Africa are unknown and
with the species already a problematic invasive it is important to investigate the extent of
genetic variation and to trace the source area(s) in the native distribution. This is especially
important for S. terebinthifolia because extensive research in the USA has indicated that
multiple haplotypes were introduced in that country, that hybridization between haplotypes has
occurred, and that this complex invasion history has implications for management and
biological control in particular (Callaway & Ascheborg 2000; Levine 2000; Daehler 2003).

This study investigated the invasion history of S. terebinthifolia in South Africa using copDNA
sequencing and microsatellites. These techniques are the same as those used in the USA
(Williams et al. 2002; 2005), and so are directly comparable. The data were used to determine
the source of the South Africa populations of S. terebinthifolia, to determine whether a single
or multiple introductions of the species have occurred, and to investigate the genetic diversity
of the species in the country. This will contribute towards the selection of the most effective

biological control agent for S. terebinthifolia in South Africa.

3.2 Materials and methods

3.2.1 Sampling and DNA extraction

Fifty-one individual trees were sampled from across the plant’s distribution in South Africa
(Table 3.1, Figure 3.1). A further eight samples were included from the native (South America)
and introduced ranges (Florida and Hawaii, USA - samples 41-48) (Table 3.1). Fresh leaves
were dried in silica gel according to the protocol of Chase & Hills (1991). DNA was extracted
using the Qiagen DNeasy® Plant Mini Kit (Valencia, CA) following the manufacturer’s
protocol. The protocol was adjusted in that leaf tissue was crushed under liquid nitrogen prior

to the extraction.
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Table 3.1 Sampling sites for the collection of Schinus terebinthifolia genetic material.

Sample  Site Location Province GPS coordinates
Number (in South Africa) (Latitude; longitude)
1A Shakakraal KwaZulu-Natal -29,4443 31,23997
2A Shakakraal KwaZulu-Natal -29,4524 31,21672
3A R102 KwaZulu-Natal -29,5048 31,18503
4A Ballito entrance  KwaZulu-Natal -29,5041 31,1944
4 Umzinto KwaZulu-Natal -30,1261 30,84441
5A Eshowe KwaZulu-Natal -29,0121 31, 57952
5 Hibberdene KwaZulu-Natal -30,5704 30,56809
6 Eshowe2 KwaZulu-Natal -29,0121 31,57952
12 Dube village KwaZulu-Natal -29,412 31,27277
14 Shibumi KwaZulu-Natal -30,6956 30,41586
17A Amazimtoti KwaZulu-Natal -29,9855 30,93678
18 Port Edward KwaZulu-Natal -30,9659 30, 21387
19A Scottburgh 2 KwaZulu-Natal -29,9853 30,93679
19 R66 KwaZulu-Natal -29,0166 31,58311
20 N2 KwaZulu-Natal -30,0738 30,86943
25 Bendigo KwaZulu-Natal -30,6762 30,50448
26 Cnr of Nelson KwaZulu-Natal -31,0518 30,20742
31 Nyalaza KwaZulu-Natal -28,2143 32,30701
32 Park Rynie KwaZulu-Natal -30,3039 30,66676
33 Mthunzini KwaZulu-Natal -29,0202 31,59032

N3-
34 Pietermaritzbur ~ KwaZulu-Natal

g -29.80529  30,74637
35 Salt Rock KwaZulu-Natal -29,4786 31,21786
36 Munster KwaZulu-Natal -31,0017 30,24848
37 R61 KwaZulu-Natal -31,0017 30,24849
38 Umzinto DR KwaZulu-Natal -30,1261 30,84441
39 purban rai KwaZulu-Natal

reserve -29,5294 31,16971
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Figure 3.1 Map of South Africa showing distribution of sampled populations of S.

terebinthifolia, with corresponding sample numbers (Table 3.1).

3.2.2 Haplotype analysis using Chloroplast DNA

This method was derived from Williams et al. (2005) and Hamilton (1999). Chloroplast DNA
(cpDNA) intraspecific variation was assessed by amplifying part of the Trn intergenic spacer

regions using the primers trnS and trnG (Table 3.2). The Polymerase chain reason (PCR)
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reaction contained 0.4 pl of each of the primers, 10 pl of Promega Master Mix (Madison, WI),
0.8 pl of Promega MgCl 2, 3 ul of template DNA per reaction. A further 5.4 pl Promega
nuclease-free water to reach a final volume of 20ul. Amplifications were performed in a T100
™ thermal cycler (Bio-Rad. South Africa). The PCR protocol had a 5 min denaturing step at
96°C followed by 40 cycles of 96 °C for 45s, annealing temperature of 52°C for 1 min, and 72
°C extension for 30s, as in Hamilton (1999). PCR products were sequenced at Macrogen Corp.,
Korea using a DNA Analyser 3730x (Applied Biosystems™, Foster City, CA). Samples
received from the native range and Florida had already had their haplotypes determined and
reported in (Williams et al. 2005). The cpDNA analysis was therefore only conducted on South

African samples.

Table 3.2 Primer sequences used to obtain S. terebinthifolia haplotypes (from Hamilton 1999).

Primer Sequence(5’-3°) Length of obtained
sequence (bp)

trnS GCCGCTTAGTCCACTCAGC 844

trnG GAACGAATCACACTTTTACCAC 844

3.2.3 Microsatellite analysis

The six S. terebinthifolia microsatellite loci were grouped into two multiplex reactions
according to the protocols of Williams et al. (2002) and Williams et al. (2005) (Table 3.3).
Applied Biosystems™ added fluorescent labels to the primers. The PCR contained +£10 ng of
DNA, 12.5 ul of Q5 High-Fidelity 2X Master Mix, and 2.5 uL of each primer at concentrations
of 10 uM to make a total volume of 25 pl. Reactions were cycled in a Mastercycler® nexus
(Eppendorf, Germany), 230 V/50-60 Hz using the simulated tube function. Cycling
parameters were one cycle at 98 °C for 30s, followed by 35 cycles of 10s at 98°C, 20s at 50°C
(multiplex A) or 55 °C (multiplex B), 20s at 72 °C, and a final cycle at 72 °C for 2 min.

Capillary electrophoresis were run on an ABI 3500XL genetic analyser at Ingaba Biotec ™,

Microsatellite results can contain errors due to allelic dropout or false allele amplification and
this will influence allele frequency estimates and identification of genotypes (Bonin et al.

2004). To address this error, 10% of samples were duplicated and the results were compared.
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To avoid subjectivity in scoring of peaks, any peaks that were ambiguous were scored as
missing data.

Table 3.3 Primer sequences used in this study and their allelic diversity measures for six
microsatellite loci of S. terebinthifolia from Williams et al. (2002) and Williams et

al. (2005).
Locus Primer sequence (5°-3) Fluorescent Allele size
Dye range (bp)

StAAG13 F-TCACGTTCATGATGCAAAGA 6-FAM 162-224
R: TGGGTAGGTGATGCAGTTCTA
R: GATTCCCACGTCAGATTCGT

StAAG14 F:GCAGAATCACACTACTCAGTCACC VIC 157-202
R: TGGAATGGGTTGGAGGTAGA

StGGT39F F:GACACACCCAAATGACTCACA NED 200-258
R: CGGGCAGAATTTGATGAAGA

StCTCCTT01 F.TCTCGCATTTCAAGATCACG PET 126-176
R: AGCAGTAGGTCGAGGAGGAGT

StAAT1 F:AAGGGTGAGAATCTGAAATTTA 6-FAM 114-192
R: GGCAAACCATTAGTGAGTTTAT

StAAT16 F:AACAGCCCACCATTTTAACA NED 152-213

3.3 Statistical analysis

Chloroplast DNA chromatograms were examined, and contiguous sequences were assembled
and manually edited in ChromasLite™ ver. 2.6.4. An alignment of sequences was done in
GeneStudio™ version 2.2.0.0 and included all cpDNA haplotypes for S. terebinthifolia that
were downloaded from GenBank (Accession numbers: AY928398-AY928407) with

haplotypes confirmed by visual inspection.
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For the microsatellite data, chromatogram alignment was first constructed using Geneious ver.
11.1.5 (Kearse et al. 2012). Peak size markers were all aligned to ensure amplified peaks could
be aligned by fragment size. The dataset was entered into a co-dominant matrix and analysed
using GenAlEXx ver. 6.5 (Peakall & Smouse 2012). Pairwise genetic distances were calculated
based on the number of shared alleles per locus (Euclidean distances). The output matrix of
genetic distances was then used to run a Principal Component Analysis. Allelic diversity was
measured as the total number of alleles per locus. Genetic diversity was compared between
populations by calculating Nei’s unbiased genetic identities (Nei 1973), number of effective
alleles (Ne) and the Shannon Information Index (I) (Lewontin 1995), with the program
PopGene ver. 1.32 Population Genetic Analysis (Yeh & Boyle 1997).

The sample haplotypes were determined based on their coDNA matrilineages. The nuclear
ancestry of the South African and native populations were subsequently tested based on the six
microsatellite loci using a Bayesian genetic clustering algorithm implemented in
STRUCTURE version 2.3.4. (Pritchard et al. 2000). An admixture model was used that
assumed correlated allele frequencies with 10 iterations for each run. Each run consisted of
1,000,000 MCMC steps and a burn-in period of 100,000. The number of populations (K) was
tested from 1-10 and K was inferred with Harvester (following Evanno et al. 2005). Models
were also run including only South African samples according to the same parameters.
Membership assignment of each population was estimated as (q), the ancestry coefficient,
which varies on a scale from 0 to 1.0, with 1.0 indicating full ancestry with a certain a

population.

3.4 Results

3.4.1 Chloroplast DNA

All 51 trees sampled in South Africa had identical cpDNA sequences. These sequences were a
100% match to S. terebinthifolia haplotype A samples from previous studies (Williams et al.
2005; 2007) (Genebank Accession number for haplotype A-J: AY928398-) (Table 3.4)
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Table 3.4 Description of cpDNA haplotypes, indicating polymorphic sites and their position to
base pairs indicating the similarities of South Africa samples with haplotype A.
Sequences of Schinus terebinthifolia from GenBank ( Accession nos AY928398—
AY928407) (Williams et al. 2005).

Regions | haplotype | Position Base Pairs

11 | 204 | 219 | 225 | 227 | 244 | 354 | 384 | 447 | 552 | 582 | 657 | 676

South
Africa

Brazil

B G Au |G |G |- c [ A A |C |A [T |T |C
C T Aus |G | T |- A |T |[A |C |C |G |T |T
D T Az |G |T |- A |T |[A |C |C |G |T |T
E T Au | C [T |- A |T |A |C |C |G |T |T
F T A |G [T |- A |T |[A |C |C |T |T |C
G T Au |G [T |- A T |[A |C |C |T |T |C
H T As |G [T |- A |T |[A |C |C |G |T |T
I T Au |G |T |C |A |T |- c |C |G |T |T
J T A |G [T |- A T |[A |C |C |T |G |C

3.4.2 Microsatellite analysis

An overall error rate of 36.1% was found in the microsatellite analysis, based on replication of
10% of the samples. The overall error was predominantly a result of allelic dropout and false
allele amplification in samples for primers. stAAG13 (67%) and stAAG14 (50). Error rates for
each of the other primers was; 25% for StGGT39F; 17% for StCTCCTTO01; 25% for StAAT1
lastly 33% for StAAT16.

All but three of the samples from outside of South Africa grouped together but besides that
group, there was very little evidence of structuring according to geographic location in the
PCoA (Figure. 3.2). Samples 43, 44, 45, 46 and 48, all from the indigenous distribution in
South America or the introduced distribution in Florida, USA, formed a group (Figure. 3.2).

Samples 41 and 47, from both South America, and sample 42 from the introduced distribution
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of Hawaii, USA, were mixed with samples from South Africa (Figure. 3.2). Within the South
African samples, there was no geographic pattern in allelic phenotypes as no clear clustering
was found according to geographic area. Some samples shared the same allelic profiles, such
as samples 12A and 31; samples 1 and 3A; samples 5A, 6A and 10A; as well as samples 36
and 37.

Based on their microsatellite phenotypes, STRUCTURE HARVESTER analysis suggested
that the optimal number of clusters was two (k = 2) (Figure. 3.3. & 3.4). When running the
analysis with two populations (i.e.: k =2), sample 42 (from Hawaii) was grouped in the same
population as the South African material while all other samples from outside of South Africa,
including samples 41 and 47 which clustered with South African samples in the PCoA, fell into
a second population. The sample from Hawaii (sample 42) also grouped with South African
samples in the PCoA and shared the same alleles as South African samples as a result of a

shared ancestry (q = 0.995 average proportion of ancestry with South African populations).

The separate STRUCTURE analysis of only South African samples grouped all the samples
into three populations (k = 3) (Figure. 3.5 and 3.6). STRUCTURE analysis, as with the PCoA

analysis, found no geographical pattern among these populations.
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Figure 3.2 Microsatellite diversity in Schinus terebinthifolia samples in South Africa (samples 1A-40) and the native and other introduced ranges (samples 41-
48). The primers were stAAG13, stAAG14, stGGT39F, stCTCCTTOL, stAAT1 and stAAT16. Coordinate 1 accounts for 19% and Coordinate 2 accounts for

16% of the variation. Colours represent origins of the plants. Red = KwaZulu-Natal Province, green = Eastern Cape Province, yellow = Western Cape Province,
grey- mixed geographic areas, blue = native range in South America and introduced range in Florida
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DeltaK = mean(|L"(K)|) / sd(L(K))
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Figure 3.3 Graph of Delta K values showing the ideal number of populations as k = 2 based on
59 samples of Schinus terebinthifolia from South Africa and the native and
introduced range (when including populations), using 6 microsatellite primer pairs

and the Evanno method implemented in STRUCTURE HARVESTER program
according to Earl and von Holdt (2012).
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Figure 3.4 Genetic population structure of 59 individuals of Schinus terebinthifolia from populations in South Africa, the native range in South
America and the introduced range in Florida, based on Bayesian clustering analysis of 6 microsatellite loci with STRUCTURE
(Pritchard et al. 2000). According to the Evanno method, two populations were inferred (Figure 3.3). Samples are ordered according
to their Q values. The red cluster corresponds to South African populations and the green cluster represents populations from the native
range. The values in ordinate the shared ancestry according to percentage membership into each population. The downward arrow

points to sample 42 from Hawaii, USA.
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Figure 3.5 Genetic population structure of 51 individuals of Schinus terebinthifolia from populations in South Africa, based on Bayesian
clustering analysis of 6 microsatellite loci with STRUCTURE (Pritchard et al. 2000). According to the Evanno method, three
populations were inferred (Figure 3.6). Sample ordered according to Q value. The red cluster corresponds to population 1, the green
cluster corresponds to green and blue corresponds to population 3. The values in ordinate the shared ancestry according to

percentage membership into each population.
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DeltaK = mean(|L"(K)]) / sd(L(K))

Delta K

Figure 3.6 Graph of Delta K values showing the ideal number of populations as k = 3 based on
51 samples of Schinus terebinthifolia from South Africa using six microsatellite
primer pairs and the Evanno method implemented in STRUCTURE HARVESTER
program according to Earl and von Holdt (2012).

Population 2; which contains all samples (except sample 42) from the native range and Florida
was found to have higher genetic diversity in the Shannon Information Index (I), number of
effective alleles (Ne) and higher Nei’s diversity (h) compared to samples in population 1
(containing South African samples and a sample from Hawaii) (Table 3.5). However,
conclusive comparisons of genetic diversity, more samples are needed from the native range.
The South African samples (Population 1) were found to have a lower mean number of alleles
(Na=2.33), compared to the native range (Na=11.8), Florida (Na=4.4) and Population 2 (Na
=5.50). The Hawaii population according to Williams et al. (2005) had the lowest number of
alleles (Na= 1.4). Population 1 is mostly homozygous (mean Ho = 0.29) whereas populations
2, Florida and South America are mostly heterozygotes (Ho= 0.43, Ho = 0.62, and Ho = 0.39
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respectively) (Williams et al. 2005). The Hawaii population was found to be almost completely

homozygous (Ho = 0.07) (Williams et al. 2005). South African S. terebinthifolia populations

shared a number of dominant alleles with South American and Florida populations, for example

for primers stGGT39F and stCTCCTTO1 samples from both the native and introduced range

shared the same dominant alleles (Table 3.6).

Table 3.5 Comparison of genetic diversity for populations 1 (South African and native range

sample 42) and population 2 (native range and Florida samples) based on six

microsatellite primer pairs (over populations for each loci). Sample size (N), mean

number of observed number of alleles (Na), expected heterozygosity (He),

observed heterozygosity (Ho), number of effective alleles (Ne), Shannon

Information Index (I), Nei’s gene diversity (h), and standard deviation (s.d.).

Samples from the native range (South America) and another invaded ranges

(Florida and Hawaii) (Williams et al. 2005) were included for comparison. The

values borrowed from Williams et al. (2005) are based on five microsatellite loci.

N Na(s.d.) He (s.d) Ho(sd) Ne(s.d) I (s.d.) H (s.d.)
Pop 1 52 2.33t1.0 0.41+0.2 0.2940.22 1.97/40.89 0.65+0.4 0.41+0.24
3 5) 3
Pop 2 7 5.50+1.3 0.7440.0 0.4340.18 4.21+1.38 1.51+0.3 0.73+0.09
8 9 1
Hawaii 15 1.4 0.09 0.07
Florida 354 44 0.58 0.62
South America 108  11.8 0.46 0.39
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Table 3.6 Genetic characteristics of the six microsatellite loci genotyped comparing the two

populations from this study. N: Number of samples genotyped; Na Number of

alleles; He expected heterozygosity; Ho observed heterozygosity. Dominant

phenotypes: dominant allele phenotypes, values in parentheses are the frequency

of each phenotype (- denotes when there are no shared phenotypes within the

population).
Locus Pop 1 Pop 2
(South Africa and sample 42)  (native range and Florida)
StAAG13
N 52 7
Na 2 7
He 0.44 0.87
Ho 0.38 0.57
Dominant phenotype 180/180 (0.48)
StAAG14
N 52 7
Na 2 6
He 0.50 0.86
Ho 0.48 0.71
Dominant phenotype 176/182 (0.48) 161 (0.29)
StGGT39F
N 52 7
Na 4 5
He 0.73 0.69
Ho 0.15 0.28
Dominant phenotype 197 (0.25) 197(0.43)
StCTCCTTO1
N 52 7
Na 2 5
He 0.50 0.69
Ho 0.56 0.28
Dominant phenotype 143/155 (0.56) 155(0.43)
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StAAT1

N 52 7

Na 3 4
He 0.30 0.71
Ho 0.85 0.29
Dominant phenotype 125 (0.75) 122 (0.29), 125 (0.29)
StAAT16

N 52 7

Na 1 7

He 0 0.90
Ho 0 0.43
Dominant phenotype 147 (1)

3.5 Discussion

Both microsatellite and cpDNA analysis of S. terebinthifolia sampled in South Africa indicate
that only haplotype A was present. If other haplotypes are present in the country, then they are
either found in isolated populations that were not sampled, or are very rare. The majority of
invasive S. terebinthifolia that requires management in South Africa are therefore haplotype
A. In the native distribution, haplotype A is found in Balneario Camborid and Santa Catarina,
in Brazil (Williams et al. 2005). In South America, ten haplotypes of S. terebinthifolia have
been recorded however, haplotype A has been found to be the most common and has been
recorded in all the invaded regions of Hawaii, Florida, Texas, US Virgin Island (Williams et
al. 2005) and now South Africa.

All South African populations have similar allelic phenotypes with two samples from the native
range and are a very close match to the sample from the introduced range in Hawaii.
Furthermore, sample 42 from Hawaii was found to belong to the same population as South
African samples according to STRUCTURE, indicating shared ancestry. In both South Africa
and Hawaii, haplotype A is the recorded cpDNA haplotype (Williams et al. 2005). Both these
regions are regions where S. terebinthifolia is an introduced tree mostly for ornamental
purposes suggesting that the plant in both these regions came from the horticulture industry.

Schinus terebinthifolia in South Africa is therefore likely to have originated from a single
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introduction from Hawalii, USA, or from the same source as those in Hawaii in the horticultural
industry. It is also possible that S. terebinthifolia was introduced from the horticultural industry
into South Africa and was then spread to Hawaii. Invasive alien plants are often introduced
through the horticultural trade and evidence of hybridization and artificial-selection as a
horticultural plant has been recorded for other serious invasive alien plants such as Lantana
camara L. (Verbenaceae) (Spies & Striton 1982) and P. aculeata (Paterson et al. 2009). Plants
that have been changed through hybridization and artificial-selection may be more difficult to
control using biological control as they may be different from the plants in the native range
where natural enemies would have evolved (Paterson et al. 2009; Urban et al. 2011).

Williams et al. (2005) found populations of S. terebinthifolia in the native range to be structured
according to geographic distance with strong subdivision of haplotypes because of limited seed
dispersal. However, in South Africa there was no geographical population structure found.
Unlike in the native range, humans have moved S. terebinthifolia across South Africa for
ornamental, hedging and shade/shelter purposes (Panetta & McKee 1997). In the Eastern Cape
S. terebinthifolia was planted as a street tree in Grahamstown, Port Alfred and Somerset East
(Kuruneri-Chitepo & Shackleton 2011). In KwaZulu-Natal, farmers used the trees for
boundaries and wind breaks (Jones 2018). Schinus terebinthifolia is a prolific seed producer
(Geiger et al. 2011) and seeds can be distributed over long distances via birds. Native
frugivorous birds play an important role in dispersal and germination of seeds (Dlamini et al.
2018). They help reduce germination time and improve success through pulp removal (Dlamini
et al. 2018). Therefore, the presence of three populations in South Africa with no geographic
structuring is likely a result of both human movement of the trees and native frugivorous birds

spreading the seeds over long distances.

The South Africa population was found to have samples that remained genetically similar to
populations from the native range (samples 41 and 47) with a number of shared dominant
phenotypes. This indicates a close connection with the native range and with only a single
haplotype in South Africa, there is no evidence of the hybridisation that occurred in Florida.
Looking at the allelic diversity of South African populations there is evidence that genetic
diversity is low when compared to the other introduced ranges as well as the native range.
Genetic diversity of alleles in alien plants has generally been found to be low due to populations
being founded by just a few individuals from the native range (Sakai et al. 2001). South African

populations were also found to have reduced heterozygosity compared to both the native range
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in Brazil and invaded range in Florida. Loss of heterozygosity is known to limit a population’s

ability to respond rapidly to selection after a bottleneck (Maruyama & Fuerst 1985).

Studies of S. terebinthifolia in its invasive range have found that even when the plant has
reduced genetic diversity this often does not limit its invasive potential. For example, in Hawaii
where populations have the same haplotype and low allelic diversity, the plant is one of the
most significant non-indigenous species currently threatening federally listed endangered
native plants (Hight et al. 2002). This coincides with a study on Hypericum canariense L.
(Hypericaceae) which demonstrated that even isolated founding populations (organisms that
have little genetic mixing with other organisms within the same species) may still quickly adapt
(Dlugosch & Parker 2008) and can evolve novel invasive behaviour (Stockwell et al. 2003;
Stockwell & Ashley 2004). The success of S. terebinthifolia seems to be favoured by the
susceptibility of the invaded areas due to having under-utilised niches, low species richness
and increased human disturbance regimes (Callaway & Ascheborg 2000; Levine 2000; Daehler
2003).

Williams et al. (2005) suggested that the population in Hawaii was introduced from Florida
based on the presence of monomorphic alleles. The low allelic diversity in South Africa as well
as Hawaii makes managing the plants using biological control easier than cases where there is
high genetic diversity. The genetic similarities between South Africa and Hawaii population
should potentially mean that biological control agents that are successful in Hawaii are likely
to be successful in South Africa and vice versa. This is not the case in North America, where
hybridisation has resulted in novel genotypes (Geiger et al. 2011). This evidence of only one
source population is positive news for a biological control programme for S. terebinthifolia as
invasive populations with low genetic diversity are more likely to be controlled successfully

through biological control (Paterson et al. 2009).

The results from this study have determined that only one haplotype of S. terebinthifolia has
been introduced into South Africa. Populations in South Africa were found to have shared
genotypes with both samples from the native range and introduced range in Hawaii. This
indicates a shared source area with invasive populations in Hawaii. The genetic information on
the invaded population in the invaded region is important in assisting with identifying natural
enemies. Biological control agents sourced from haplotype A plants in South America, and
from sites 41 in Ubatuba, State of Sdo Paulo and 47 in Itapo4, State of Santa Catarina will be

particularly good matches for South African S. terebinthifolia. Additionally, any biological
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control agent that is suitable for the genotypes of plants in Hawaii, USA, are likely to be
suitable for the South African genotypes. The climatic conditions in Hawaii, as well as in South
America, may however be very different from those in South Africa, so matching a suitable
climate from which to source biological control agents is likely to be equally as important as
matching the most appropriate plant genotype.
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4 Chapter 4. The potential distribution of Schinus terebinthifolia in South Africa

4.1 Introduction

Predictive modelling of geographic distributions of invasive alien species has many benefits,
including identifying regions that are not yet invaded but are climatically suitable and are
therefore likely to be invaded in future (Phillips et al. 2006). It has been used in invasive species
risk assessments and for the prioritisation of species for management (Leung et al. 2012). In
weed biological control, predictive modelling has been used to determine where to search for
potential biological control agents that are climatically suited to the invasive distribution and
are therefore likely to be effective biological control agents (Trethowan et al. 2011; Paterson
et al. 2014, Sutton 2019).

There are two types of predictive modelling, correlative or mechanistic models. Mechanistic
models are inherently more complex as they aim to simulate the actual processes that produce
the apparent correlations between an organism and an environment, using the known biological
limits of a species to predict its distribution (Beerling et al. 1995; Robertson et al. 2003).
Mechanistic models are robust in predicting whether a species could occur in a given
environment and form the basis of CLIMEX, the most widely used mechanistic software
package in invasive species modelling (Sutherst et al. 1999; Magarey et al. 2018). One of the
major limits of mechanistic models is the difficulty of obtaining suitable data. If the data is not
easily available it can be both time consuming and expensive to obtain. In contrast to
mechanistic models, the data required to fit correlative models are widely available and easy
to obtain (Elith et al. 2010). Correlative ecological niche modelling is based on an organism’s
relationship to its environment. It works by using correlations between the known distribution
of a species and the environmental parameters of the site or sites where it occurs (Robertson
2004; Magarey et al. 2018). Numerous correlative modelling methods exist and these can be
divided into cases where both presence and absence data are available or where just presence
data are available (Caithness 1995; Yackulic et al. 2013).

When using presence-only data to make predictions, one can either use a standard profile
technique, or opt for a group discrimination technique that makes use of artificially generated
pseudo-absence data (Zaniewski et al. 2002). Some of the more prevalent correlative modelling
techniques used in invasive alien plants modelling include BIOCLIM (Busby 1991), DOMAIN
(Carpenter et al. 1993), factor analysis (Hirzel et al. 2002) and Principal Components Analysis
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in the program Floramap (Jones & Gladkov 1999). There are several different types of group
discrimination techniques, of which the most popular are Generalized Additive Models (GAM)
(Austin & Meyers 1996) and Generalized Linear Models (GLM) (Pearce & Ferrier 2000;
Guisan & Zimmerman 2000). MaxEnt (Phillips et al. 2006) is regarded as one of the better

correlative distribution modelling software packages (Elith et al. 2011; Thompson et al. 2011).

4.1.1 Maximum Entropy (MaxEnt)

MaxEnt is one of the most widely used methods for making predictions or inferences from
incomplete information (Phillips et al. 2006). As it has been shown to outperform similar
models and has become one of the premier species distribution software packages (Phillips et
al. 2017). Since its introduction in 2006, it has been cited in over 6000 publications (Phillips et
al. 2017).

MaxEnt software uses a set of input layers, comprising environmental variables (such as
temperature and precipitation) transformed into grid cells, as well as a set of georeferenced
occurrence locations or ‘training data’ to make predictions (Phillips et al. 2006). Training data
(species distribution data) are used to create the predictive model; test data are used to assess
accuracy of these models. The model requires data sets to have the exact number of grid cells
(geographic bounds) in the input layers so grid cells of the same locality can easily be compared
or combined. The model then expresses the suitability of each grid cell as a function of the
environmental variables at that grid cell (Phillips et al. 2006). A high value of the function at
a particular grid cell indicates that the grid cell is predicted to have suitable conditions for that
species (Phillips et al. 2006). The model is then computed as a probability distribution over all
the grid cells. The distribution chosen is the one that has maximum entropy (i.e., that is most
spread out or closest to uniform) subject to some constraints: it must have the same set of
characteristics for each feature (derived from the environmental layers) as the average over
sample locations (Phillips et al. 2006). If an area in the study has a similar distribution as
the training data, then higher values are assigned, and accordingly, areas with different

distributions are assigned lower values (Negga 2007).
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4.1.2 Study species

It is regularly stated that models are as good as the data that are used to calibrate them (Fielding
& Bell 1997; Hirzel et al. 2001; Wolmarans et al. 2010). Therefore the more studied the species
the more data is available to calibrate the models, the better the models. Schinus terebinthifolia
is regarded as one of the most problematic and widespread invasive species in Florida, USA,
covering an area of 3000 km? and is recognised as a noxious weed within the state (Morton
1978; Hight et al. 2002). The importance of the weed means it has been extensively studied for
over 50 years (Morton 1978). These studies have included history of introduction and how the
species has successfully colonised the USA (Williams et al. 2005; 2007), impacts (Morton
1978), spread, genetics (Mukherjee et al. 2012), biological control (Hight et al. 2002; Wheeler
et al. 2016), and finally, the predicted distribution of the species into the USA (Mukherjee et
al. 2012). The work done on S. terebinthifolia highlighted the intraspecific genetic variation of
this species. In Chapter 3, this genetic information is discussed and plants in South Africa were
shown to be ‘haplotype A’. There is therefore excellent data available with regard to S.
terebinthifolia. Some of the most important information, other than distribution, is the biology
of the species, especially in the invaded range, which can guide the selection of suitable

environmental variables and background data that are appropriate to the species in question.

The main aims of this Chapter were to: (1) predict the potential distribution of S. terebinthifolia
in South Africa using the ecological niche modelling software MaxEnt, and (2) identify suitable
areas in the native range where potential biological control agents might be sourced, based on
climatic compatibility with the weeds’ invaded range in South Africa. Six separate models were
created to determine the potential distribution of S. terebinthifolia in South Africa, using: (1)
invasive range South African occurrence locations; (2) invasive range South African
occurrence locations with Koppen Geiger representative backgrounds (Koppen Geiger are
climatically representative used for climate classification); (3) invasive range South African
and Florida haplotype A occurrence locations; (4) invasive range in South African, Florida and
native range haplotype A occurrence locations; (5) invasive range in South African, Florida
and native range haplotype A occurrence locations, with a different set of environmental
parameters, and; (6) only native range occurrence locations. Finally, a model was created to
determine the most suitable native range locations to survey for potential biological control

agent based on the invaded range South African occurrence records.
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4.2 Methods and Material

The MaxEnt software uses a set of georeferenced species occurrence locations or ‘training
data’ as well as a set of input layers, or environmental parameters (such as temperature and
precipitation). Once the model is completed the software uses a subset of the occurrence
locations ‘testing data’ to test the models. It is important to normalize the background data to
a suitable size to avoid overfitting the models (Van der Wal et al. 2009). These are important

components of a MaxEnt model as they determine the accuracy of the outputs.

4.2.1 Species occurrence locations: Native range distribution

These localities were obtained from the Invasive Plant Research Laboratory, USDA/ARS. The
methods of native range collection are presented in Williams et al. (2005; 2007) and Mukherjee
et al. (2012). Native range species occurrences were recorded in Argentina, Brazil and

Paraguay.

4.2.2 Species occurrence locations: Invaded range — USA

In the USA the different haplotypes of S. terebinthifolia occupy different environmental
niches (Mukherjee et al. 2012). In Florida, USA, two distinct chloroplast haplotypes were
found (See Chapter 2; Williams et al. 2005; 2007). Occurrence data for 707 trees distributed
throughout the invaded range in Florida were obtained from Department of Biology, Texas
Christian University, and Fort Worth, USA. These occurrence data were used in the genetic
analysis of Brazilian pepper in the USA, as well as in determining whether the species has
undergone a niche shift in the USA (Williams et al. 2005; 2007; Mukherjee et al. 2012). These

data were refined to include only the 389 haplotype A occurrence locations from Florida.

4.2.3 Species occurrence locations: Invaded range - South Africa

Occurrence locations in the invaded range of S. terebinthifolia were obtained from the Southern
African Plant Invaders Atlas (SAPIA) database. The SAPIA database is one of the most
comprehensive databases on invasive alien plants in Africa. The majority of these data points
are recorded from extensive roadside surveys that have been conducted over the last 20 years
by the same researchers. Therefore, they are an excellent indication of S. terebinthifolia

distribution in South Africa. Additionally, 51 locations from surveys conducted during this
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study were also added, 136 occurrence locations were used in the model for the invaded range
in South Africa.

4.2.4 Species occurrence locations: refinement

Maps of occurrence locations for both native and invaded range data of S. terebinthifolia were
produced in ARC Map 10.3 to check for obvious errors. Even though the data was known to
be of high quality some “cleaning” was still conducted: (1) duplicates were removed, (2) where
possible co-ordinate errors were corrected, and (3) co-ordinates lacking sufficiently fine-scale
precision were excluded. Autocorrelation is an important factor that may affect model outputs.
Filtering of species occurrence data may limit the inherent biases in the data and improve model
quality (Veloz 2009). To avoid pseudo-replication only one occurrence record per 5 min grid
cell was used for model calibration. Additionally the influence of spatial autocorrelation
(spatial filtering) was checked using the ‘spThin’package (Aiello-Lammens et al. 2015). No
spatial autocorrelation was detected therefore no further thinning and spatial autocorrelation

analyses were performed.

4.2.5 Environmental parameters

Bioclimatic variables have been widely used in other niche-based plant distribution modelling
studies. These can be freely downloaded from the WORLDCLIM database
(www.worldclim.org) (Hijmans et al. 2005; Mukherjee et al. 2012), and several authors have
recommended that the selection of variables be based on ecological knowledge of the taxon
being modelled (e.g. Broennimann et al. 2007; Elith & Leathwick 2009; Elith et al. 2010;
Austin & Van Niel 2011). For this study, climate data were obtained by downloading the
standard set of bioclimatic variables from the WorldClim ver 2 database (Hijmans et al. 2005;
2016) (data available at: http://worldclim.org/version2). As S. terebinthifolia distribution has
been previously modelled and its climatic drivers based on the plant’s biology are well
understood (Papes & Peterson 2003; Wang & Wang 2006; Zhu et al. 2007), we selected
variables that are thought to be of biological relevance to its distribution (Kumar & Stohlgren
2009; Mukherjee et al. 2012). These variables from the Worldclim database included: Bio 1-
Annual mean temperature; Bio 4-Temperature seasonality; Bio 6-Minimum temperature of
coldest month; Bio 7-Temperature annual range; Bio 12-Annual precipitation; and Bio 15-
Precipitation seasonality. As the layers were previously determined to be representative for the

species, it was not necessary to check if the layers were collinear. In order to make the
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environmental layer suitable for MaxEnt they were converted from Raster file format into an
ASCII file in ArcMap 10.3 (ESRI 2018). Additionally, they were clipped to the suitable
geographically defined background using the ‘Extract by Mask’ function in ArcMap 10.3
(ESRI 2018).This was done for each of the models

4.2.6 Geographically defined background

MaxEnt creates pseudo-absence data drawn randomly from a geographically defined
background, from pixels (grid cells) lacking presence records. It is well understood that the
size of the “background” from which pseudo-absence data are obtained can significantly
influence model results (Anderson & Raza 2010; Thompson et al. 2011), and therefore it is
recommended that the background should be restricted or at least representative of where the
species could potentially occur. The background should ideally represent the geographic areas
available to the focal species, omitting areas where species absence is due to historical factors,
dispersal constraints and/or biotic interactions (Sanin & Anderson 2018). Therefore for the
native range data it was not possible to determine the region that has been historically explored
for S. terebinthifolia, so we restricted the background data to a convex hull drawn around the
area known to have been extensively surveyed (Mukherjee et al. 2012). For the USA, the
background was clipped to match the spatial extent of Florida. In Florida S. terebinthifolia has
been extensively mapped and studied. For South Africa, we used the entire country spatial
extent, as we know the entire country has been repeatedly surveyed giving a good indication
of the distribution of the species. To determine if when using the South Africa data we were
overfitting the model we modelled the potential distribution of S. terebinthifolia using areas
that were climatically representative i.e. the Koppen- Geiger climate classifications (Koppen-
Geiger classifications, following the rules defined in (Kriticos et al. 2011) as recommended by
Hill and Terblanch (2014). The climate data was downloaded from (http://koeppen-geiger.vu-
wien.ac.at). The data were placed into ARCMAP 10.3 and the occurrence localities of S.
terebinthifolia were layered over the data layer to find what climate zones contained at least
one occurrence record and these climate zones were selected out to use as background data to
the MaxEnt model. The Koppen- Geiger background was also clipped to areas within South
Africa.
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4.3 Modelling parameters in MAXENT

MaxEnt creates pseudo-absence data drawn randomly from a geographically defined
background, from pixels (grid cells) lacking presence records. It is well understood that the
size of the “background” from which pseudo-absence data are obtained can significantly
influence model results (Anderson & Raza 2010; Thompson et al. 2011), and therefore it is
recommended that the background should be restricted or at least representative of where the
species could potentially occur. The background should ideally represent the geographic areas
available to the focal species, omitting areas where species absence is due to historical factors,
dispersal constraints and/or biotic interactions (Sanin & Anderson 2018). Therefore for the
native range data it was not possible to determine the region that has been historically explored
for S. terebinthifolia, so we restricted the background data to a convex hull drawn around the
area known to have been extensively surveyed (Mukherjee et al. 2012). For the USA, the
background was clipped to match the spatial extent of Florida. In Florida S. terebinthifolia has
been extensively mapped and studied. For South Africa, we used the entire country spatial
extent, as we know the entire country has been repeatedly surveyed giving a good indication
of the distribution of the species. To determine if when using the South Africa data we were
overfitting the model we modelled the potential distribution of S. terebinthifolia using areas
that were climatically representative i.e. the Koppen- Geiger climate classifications (Koppen-
Geiger classifications, following the rules defined in (Kriticos et al. 2011) as recommended by
Hill and Terblanch (2014). The climate data was downloaded from (http://koeppen-geiger.vu-
wien.ac.at). The data were placed into ARCMAP 10.3 and the occurrence localities of S.
terebinthifolia were layered over the data layer to find what climate zones contained at least
one occurrence record and these climate zones were selected out to use as background data to
the MaxEnt model. The Koppen- Geiger background was also clipped to areas within South
Africa

4.4 Modelling parameters in MaxEnt

MaxEnt allows the user to change a number of the modelling parameters to create the most
suitable model possible, but it is not necessary to change the majority of the parameters as
MaxEnt can automatically calculate the best parameters to be used and often the default
parameters are suitable. For this study we used ‘Auto features’ or automatic constraints which

automatically calculates how complex (either a linear or quadratic analysis) the model can be
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based on the number of occurrence locations. Additionally the MaxEnt parameters of 500
iterations and 0.00001 convergence threshold were used when running the program ‘logistic
output’, which creates a continuous, linear scaled map that allows fine distinctions to be made
between the modelled probabilities of habitat suitability. Also used in the models were ‘Create
response curves’ and ‘jackknife measures of variable importance’. Additionally, ‘do clamping’
which resets values that are outside the range found in the study area to match the upper or
lower values found in the study area, and a regularization value of 1, were applied, to avoid
overfitting (restricting the number of locations to 1 per grid cell). There can be considerable
variation in the performance of models when choosing a particular random selection of points
for the training and testing sets, so a bootstrap selection was made which is good for relatively
large datasets as it is best to make several random selections (splits). This was done five times
for each model so that the models could be compared for consistency. The independent ‘testing
data set’, used to test the accuracy of the model, comprised 30% of the occurrence localities
and was found to be the best split (Trethowan et al. 2011). The split of 70% training and 30%
testing was done randomly.The final model produced was the mean of the five models created.

The mean minimum training presents logistic value was used from the five maps produced.

When only the native range data was used to predict the potential distribution in South Africa
and when only the South African data was used to predict the native range, the “projections
layers” feature was used. This projects the data that was used in the training of the model into
a new geographic range that was not used in the training of the model to avoid the problem of

confounding the model with too large a geographic background.

4.5 Model evaluation

Model evaluation is an essential component of the model building and interpretation process,
but it is often neglected. Model assessment allows the user to objectively assess the quality of
the model’s predictions. Without an objective assessment, the accuracy of the model is
unknown. MaxEnt allows for a number of methods to evaluate the accuracy of the model. In
this study, the models were evaluated using Jackknife analyses and response curves, with the
Area Under Curve (AUC) statistic for each replicate within each treatment. The AUC has been
found to be robust for uneven prevalence in observations of occurrence that can produce
artefacts in other performance measures (McPherson et al. 2004). Consequently, in evaluating

presence-only models, the ability to give a realistic prediction of species occupancy potential
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in the study area is considered to be more important than model accuracy (Lobo et al. 2008).
Detailed descriptions of these AUC curves and Jackknife analyses appear in Pearson et al.
(2007). The AUC values generated from the model can range between 0.5 and 1.0, where 0.5
is no better than a randomly generated model. It is generally accepted that an AUC of less than
0.8 is a poor model, between 0.8 and 0.9 is a fair model, between 0.9 and 0.995 a good model,
and >0.995 an excellent model (Fielding & Bell 1997; Trethowan et al. 2011). The mean and
standard deviation of the five replicate AUC values was provided for each model and used to
determine the quality of the models. As the AUC has received some criticism (Pearson et al.
2007; Lobo et al. 2008; Merow et al. 2013; Radosavljevic & Anderson 2014), the extent of
overfitting for each set of models produced as a measure of model accuracy was also
investigated. This was done by comparing the omission rates with theoretical expectations of
omission rates. The omission rate is the proportion of test occurrence localities that are not
predicted to fall within the projected model surface once the model is converted into a binary
prediction output (Boria et al. 2014). Over fit models, have omission rates higher than the
theoretical expectation for the threshold applied (Shcheglovitova & Anderson 2013). The 10th
percentile calibration omission rate was applied in this study to estimate model overfitting.
This sets the binary prediction threshold at a value that excludes the 10% of the calibration
localities from the model with the lowest prediction values, and therefore has an expected
omission rate of 0.10 (Boria et al. 2014). Above 0.1 indicates an over fit model and below 0.1

being more conservative (Boria et al. 2017).

In the model calibrated using the invasive range South African, Florida and native range
haplotype A occurrence locations, with a different set of environmental parameters, the
Jacknife method of evaluation was used on the 19 WORLDCLIM bioclimatic variables to
determine which layers were contributing the most to the model. Jackknife analysis is
effectively the “leave one out” analysis. The model is re-run leaving out a variable allowing
the programme to quantify the contribution of each variable. The model was then re-run with
the five environmental layers that contributed the most to the model; these were then compared

to the suggested climatic variables used by Mukherjee et al. (2012).

Although MaxEnt results can be seen in a picture format, greater visualization and detail is
possible in ArcMap 10.3 (ESRI 2018). The MaxEnt images were opened in ARCMAP and

converted into Maps. The ASCII raster layer was changed into classified values, where the
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minimum training presence logistic threshold was set as the upper limit of one of two

categories. This gives the potential distribution map (effectively a presence-absence map).

4.6 Results

In South Africa S. terebinthifolia has primarily been recorded in the Indian Ocean coastal belt
and savannah biome (Macina et al. 2006). At a provincial level, the majority of these localities
fall in KwaZulu-Natal Province, with occasional records in the Eastern and Western Cape
provinces. Figure 4.1 (a) shows the known distribution of S. terebinthifolia in South Africa.
When modelling with the distribution records, to avoid pseudo replication, only one location
point per grid cell was used (Joyner et al. 2010), effectively reducing the number of locality
points used to calibrate the model. The revised number of localities used to calibrate the models

are presented in Table 4.1.

4.6.1 South Africa distribution data

This model was calibrated using the six environmental parameters suggested by Mukherjee et
al. (2012) and the 76 occurrence localities from South Africa (Figure 4.1a). This model
indicated the current distribution closely matched the modelled areas of highest suitability
(Figure 4.1.b, c). KwaZulu-Natal is indicated as the province with the highest suitability, but
the coastal belt of northern Eastern Cape Province is also suitable for S. terebinthifolia. As the
training data (occurrence localities) were regarded as good quality, all the training localities
could be used to make an accurate prediction. The logistic value was 0.005 (which is the
predicted area suitable for S. terebinthifolia) translating only 24 % (SEx 0.02) of the viable
extent (Figure 4.1d). Using the minimum training presence, a larger area of South Africa is
predicted than where the plant is currently recorded, and includes further coastal regions of the
Eastern Cape Province. The mean AUC statistic for the model was 0.975 + SE 0.002 indicating
it was a “good” model (Figure 4.7). The Omission rate was 0.86 + SE 0.02 indicated the model

was not over fit (Not overestimating the potential area suitable)
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Figure 4.1 The potential distribution of Schinus terebinthifolia in South Africa using only the
South African invasive range distribution points to calibrate the model.(a)
Distribution sites from South Africa (b) predicted distribution with known
localities overlaid (c) predicted distribution in South Africa (d) presence-absence

distribution map of South Africa.

Table 4.1 Treatments and the refined number of training and testing data used to calibrate the
final S. terebinthifolia models. Treatment: SAm: South America; SA: South Africa;
SAKG- South Africa Koppen Geiger, SA/FL- South Africa and Florida;
SA,FI,SAm- South Africa, Florida, South America: SA,FI,SAm1 -South Africa,

Florida, South America with different climatic variables.

Treatment Training Testing Total

SAm 60 25 85
SA & SAKG 54 22 76
SAFL 182 77 259
SA, FL, SAm 244 104 348
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SA, FL,
SAm1 244 104 348

Using the whole of South Africa as a background may have created over fit models therefore
the background was limited to areas that were climatically representative. These models were
run once again using just the Koppen Geiger climate Zones from South Africa where S.
terebinthifolia were located. These were: semi-arid climates (BSh), warm temperate with hot
summer climate zones (Cfa), marine west coast (Cfb), warm-summer mediterranean climate
(Csb), and warm temperate with hot summer climate (Cwa). The models once again predicted
a limited area to the eastern part of South Africa (Figure 4.2b, ¢ & d). The model calibrated
using the minimum training presence 0.023 SE + 0.04 shows a larger suitable area along the
coast than using the of whole South Africa as a background. The AUC for the models were
0.958 SE + 0.005 indicating it was a “good” model (Figure 4.7). The Omission rate was 0.86
+ SE 0.02 which indicated the model was not over fit, however, they were not considerably

different from the backgrounds using the whole of South Africa.
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Figure 4.2 The potential distribution of Schinus terebinthifolia in South Africa using the South
African invasive range distribution points as well as Koppen- Geiger climate
regions representative in South Africa to calibrate the model. (a) Clipped Koppen-
Geiger climate regions for South Africa (b) predicted distribution with known
localities overlaid (c) predicted distribution in South Africa (d) presence-absence

distribution map of South Africa.

4.6.2 South Africa and Florida distribution data

The third treatment used two sets of species occurrence inputs from the weed’s invaded ranges;
(1) 76 species occurrences across South Africa, and (2) 183 species occurrence data points
from Florida, USA (Table 4.1; Figure 4.3a). The model predicted a similar distribution to the
invaded range South African data. The minimum training presence logistic threshold of 0.042
gives an average of climatically suitable area at a reduced 32 % (SDx 0.04) of the total
available, more than the South African data only (Figure 4.3d). The additional localities where
the species was recorded as growing in the USA increased the potential distribution in South
Africa to include more inland regions of KwaZulu-Natal and a larger extent of the Eastern Cape
coastline, as well as some areas in Limpopo Province (Figure 4.2b & 4.2c). Small areas in the
Western Cape were also shown to be suitable. The AUC for the model was 0.963 SE + 0.003,
indicating a “good” model (Figure 4.4). The omission rate was 0.8 £ SE 0.02 which indicated

the model was not over fit.

64



N @ Schinus terebinthifolius
e
— Cow

300 Ko reters

......

C d

P 0-0,04
k 0.04-08
g

Figure 4.3 The potential distribution of Schinus terebinthifolia in South Africa using the South
African and Florida, USA, invasive range distribution points to calibrate the model.
(a) Distribution of sites from South Africa and Florida (b) pedicted distribution in
South Africa with known localities overlaid (c) predicted distribution in South

Africa (d) presence-absence distribution map of South Africa

4.6.3 South Africa, Florida and native range data

The fourth treatment used 76 species occurrence data sets from South Africa, 183 species
occurrence data points from Florida, USA, and 89 haplotype A occurrence localities from
specific surveys conducted in the native range of Brazil, Uruguay and Argentina (Figure 4.4a).
The model had a minimum training presence of 0.005 giving average area climatically suitable
for S. terebinthifolia at 56% (SD= 0.02) based on the model inputs. This increased the suitable
area in South Africa to include areas more inland, including Limpopo and Mpumalanga
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provinces (Figure 4: b, ¢ &d), and increased areas of the Western Cape. The model had the
AUC 0.949 £ SE 0.002 (Figure 4.4). The omission rate was 0.11 + SE 0.01 that indicated the

model was slightly over fit.
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Figure 4.4 The potential distribution of Schinus terebinthifolia in South Africa using native
range and invaded range distribution points to calibrate the model. (a) Distribution
of sites from South Africa, Florida and South America (b) Predicted distribution in
South Africa with known localities overlaid (c) predicted distribution in South

Africa (d) presence-absence distribution map of South Africa.

4.6.4 South Africa, Florida and native range data with different climatic variables.

The fifth model once again used all the locality data, but used different environmental layers
than the layers recommended by Mukherjee et al. (2012) (Figure 4.5a). The Jackknife analysis
on the environmental layers suggested that variables contributing the most to the distribution
of the species were BIO8 - Mean temperature of wettest quarter; BIO17 - Precipitation of driest
quarter; BIO15 - Precipitation seasonality (coefficient of variation); BIO6 - Min temperature
of coldest month; BIO4 - Temperature seasonality (standard deviation *100); and BIO3 -
Isothermality (BIO2/BIO7) (* 100) (Table 4.2). Three layers were similar to Mukherjee et al.
(2012), but :B1O8 - Mean temperature of wettest quarter; BIO17 = Precipitation of driest

66



quarter and BIO3 - Isothermality were suggested as contributing more to the model than: BIO
1 - Annual mean temperature, BIO 7 -Temperature annual range and BIO 12 - Annual
precipitation. The AUC for the model was 0,957 SE+0,003 once again indicating a “good”
model. The omission rate was 0.11 + SE 0.01 indicated the model once again was slightly over
fit.

Table 4.2 Bioclimatic variables used in model calibration as well as the percentage contribution
of each variable to the model. The biological variables suggested by Mukherjee et
al. (2012). Shared bioclimatic variables are highlighted in blue.

Variable Percentage | Permutation | Variable suggested by

contribution | importance
(Mukherjee et al. 2012)

BIO8 = Mean temperature | 32.6 6.2 BIO 1 = Annual mean
of wettest quarter temperature

BIO17 = Precipitation of | 20.3 8.8 BIO 12 = Annual
driest quarter precipitation

BIO15 = Precipitation | 10.1 3.5 BIO = 15 Precipitation
seasonality (coefficient of seasonality

variation)

B10O6 = Min temperature of | 6.6 6.3 BIO 6 = Min. temperature of
coldest month coldest month

BIO4 = Temperature | 6.3 7.4 BIO = 4 Temperature
seasonality (standard seasonality

deviation *100)

BIO3 = Isothermality | 5.1 24 Bio 7-Temperature annual
(B102/BIQ7) (* 100) range

The models once again indicated a suitable climatic areas biased to the eastern coastline of

South Africa. However, compared to previous models this prediction favoured a more northerly
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distribution in South Africa with greater amounts of suitable area available in Northern
KwaZulu-Natal and Limpopo Province and less in the Eastern and Western Cape provinces
(Figure 4.5 ab& c). Of note was a small region along the Orange river in the Northern Cape

Province that was also suitable (Figure 4.5d).
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Figure 4.5 The potential distribution of Schinus terebinthifolia in South Africa using native
range and invaded range distribution points to calibrate the model and alternative
climatic variables. (a) Distribution of sites from South Africa, Florida and South
America (b) Predicted distribution in South Africa with known localities overlaid
(c) predicted distribution in South Africa (d) presence-absence distribution map of
South Africa.

4.6.5 Native range data

The models, calibrated with native range data using only Haplotype A data and only clipped to
the areas surveyed for S. terebinthifolia, showed the most restricted distribution in South Africa
(Figure 6a). They indicated that only limited areas were suitable along the KwaZulu-Natal,

Eastern Cape and Western Cape Province coastlines (Figure 4.6: b, ¢ & d).
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Figure 4.6 The potential distribution of Schinus terebinthifolia in South Africa using only the
native range occurrence localities to calibrate the model. (a) Distribution of sites
from South America (b) predicted distribution in South Africa (c) presence-absence
distribution map of South Africa.

69



1,00
0,98

0,96
0,94
0,92
0,90
0,88
0,86
0,84
0,82
0,80

SA,FL SA,FL,SAm SA,FL,SAm1 SAto SAm

0,18
0,16
0,14

0,12
0,1
0,08
0,06
0,04
0,02
0

100R

SA,FL SA,FL,SAm SA,FL,SAm1 SA to SAm

Figure 4.7a&b (a) Mean Area under Curves (AUC) with standard errors for Schinus
terebinthifolia modelled treatments. Treatments: SAm- South America; SA- South
Africa; SA,FL- South Africa and Florida; SA,FI,SAm- South Africa, Florida, South
America; SA,F,.SAm1 -South Africa, Florida, South America with different
climatic variables. Values of less than 0.8 indicate a poor model, between 0.8 and
0.9 is a fair model, between 0.9 and 0.995 a good model, and >0.995 an excellent
model (Fielding & Bell, 1997; Trethowan et al. 2011). Figure 4.7b. The 10th
percentile calibration omission rate (OR10) used to estimate model overfitting.
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OR10 sets the binary prediction threshold at a value that excludes the 10% of the
calibration localities from the model with the lowest prediction values, and

therefore has an expected omission rate of 0.10 (Sutton 2019).

4.6.6 Prioritised regions to survey for potential agents in the native range

Matching areas in the native range to similar climates experienced in the invaded range means
selected agents are more likely to establish and proliferate if released into the invaded range.
Areas in the native range identified as being climatically similar to the South African S.
terebinthifolia localities include coastal regions of Brazil, and specifically regions between the
cities of Florianopolis and Santos (Figure 4.6). Additionally, those regions where haplotype A,
the same haplotype as recorded in South Africa, was sampled are depicted by green circles in
Figure 4.8. The AUC for the model was 0.979 SE +0.005, which indicated a good model. The
omission rate was 0.12 SE+ 0.02 indicating a slightly over fit model (Figure 4.7). This is not
concerning as highlighting larger areas for surveying would allow for a greater area to be
assessed for potential biological control agents. This model should be overlaid with haplotype

A distributions from the native range.
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Figure 4.8 Areas of similarity in the native range of Schinus terebinthifolia in South America

to its current South African distribution, calibrated using South African invaded range data.
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4.7 Discussion

Species distribution models are a very popular tool in ecology and biogeography and have great
potential to help direct conservation efforts (Newbold et al. 2010). These models produce
climate suitability maps from available distribution data using a set of model parameters
determined by the researcher. Accuracy and relevance of these data can be biased and leave
room for interpretation. Essentially, no models are perfect, but they can be extremely valuable
in both understanding the drivers of species establishment and persistence, and in assisting with

invasive species management (Trethowan et al. 2011).

This study highlighted areas suitable in South Africa for S. terebinthifolia based on the known
native and invaded distributions of the species. Due to previous research conducted by
Mukherjee et al. (2012), as well as the genetic studies conducted in Chapter 3, this study was
able to refine the predictive models to a specific haplotype of the species, thereby increasing
model accuracy. The majority of the models predicted areas suitable for S. terebinthifolia in
South Africa and highlighted the areas where the species has already established and is
regarded as a troublesome invader. These areas include the coastal regions of KwaZulu-Natal
Province and northern coastal areas of Eastern Cape Province. The addition of information
from where the tree is already invasive from Florida, USA, and data from the tree’s native
range in South America, increased the areas predicted as suitable in South Africa. This
increased area included areas further inland in KwaZulu-Natal and Eastern Cape provinces but
also added areas of the Western Cape and Limpopo provinces. Most of the models indicated
large areas in South Africa are suitable for S. terebinthifolia, suggesting that the tree has not
yet reached its full distribution and will continue to spread in South Africa. However, as with
all models, the quality of the input data and the parameters used within the model should always

be carefully considered.

Understanding the limitations and strengths of modelling programs can help in interpreting the
final outputs (Merow et al. 2013). MaxEnt is regarded as one of the premier distribution
modelling software packages available, as it performs well in comparison with other correlative
approaches (Elith et al. 2011; Thompson et al. 2011; Sutton 2019). Additionally MaxEnt has
been used in a number of invasive species models with great success (Phillips et al. 2017). The
use of these modelling programmes is assisted by the wealth of species distribution data that is
now easily available (Beck et al. 2014). However, all distribution data should be treated with

circumspection. Error can be introduced at any stage. Some basic types of errors include
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species misidentification, error within cataloged herbarium records and data capturing errors
all of which result in inaccurate distributions and can significantly influence model accuracy.
The surveys in its native range (Williams et al. 2005; 2007; Mukherjee et al. 2012), as well as
the rigorous sampling conducted in the invaded range of Florida, USA, ensured that the input
localities were comprehensive and accurate. There was also no sampling bias and error in the
distribution data. Additionally, models calibrated using data from both the native range of the
species and the invaded range provide a better indication of a species’ potential to spread
(Trethowan et al. 2011). As with distribution data, environmental layers used by MaxEnt are
also often freely available for example WorldClim ver 2 database (Hijmans et al. 2005; 2016)
(data available at: http://worldclim.org/version2). These data also need to be treated carefully.
This was taken into consideration and the background of every population was refined.
Additionally, two different types of layers were attempted: one using biologically
representative layers for S. terebinthifolia layers as used by Mukherjee et al. (2012) and a
second based on the best six layers after conducting a bootstrap analysis on the 12 availible
environmental layers. Interestingly, these were similar to the layers used by Mukherjee et al.
(2012).

Different environmental layers changed the predicted potential distribution in the northern parts
of KwaZulu-Natal and Limpopo provinces, but the east coast of South Africa remained as the
most suitable. This was driven by precipitation in the wettest and driest seasons, which was
not, included in Mukherjee et al. (2012) environmental layers. Once the distribution data and
environmental layers are developed, correlative models can be relatively easily produced and
are repeated until relevant models are produced (Beck et al. 2014). Once produced, their
outputs can be further integrated through a number of methods. According to McPherson et al.
(2004), AUC has been found to be the most robust method for predicting model success. The
MaxEnt predictions of S. terebinthifolia distribution were highly accurate (ranging between
0.93 and 0.98) suggesting good and excellent models (Beaumont et al. 2009; Trethowan et al.
2011). Also in this study, the 10th percentile calibration omission rate was also investigated to
determine model accuracy. Models with omission rates increasingly higher than the expected
value were considered as more over fit (Boria et al. 2017). However, the majority of the OR
10 values were near to one, indicating the models were very close to accurate, but with four
models slightly over fit and three models under fit. Once again, the predicted distributions of
the over fit and under fit models suggested similar areas in South Africa that are suitable to

invasion.
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Of interest was the increase size of suitable regions on the maps as additional data points were
included into the models. The models produced using just the South African localities predicted
a suitable band down the east coast of South Africa, primarily in KwaZulu-Natal Province.
The addition of invaded range data from Florida, USA increased the predicted potential
distribution in South Africa to a greater percentage of the east coast of South Africa, moving
down into the Eastern Cape Province and just slightly into the Western Cape Province. The
addition of the native range data to the invaded range data increased the potential distribution
in South Africa to the entire eastern coastline of South Africa, including the Western Cape
Province. This model is probably the most accurate potential distribution map of S.
terebinthifolia in South Africa as it uses the most relevant environmental layers as well as all
the available distribution data for the species. This is expected as considering both native and
invaded range localities has been shown to increase model accuracy (Robertson et al. 2008;
Trethowan et al. 2011; Scott et al. 2016). Refining the available distribution data to include

only the relevant haplotype data is also likely to have improved the accuracy of the models.

As stated in Chapter 1 S. terebinthifolia was a common ornamental species in South Africa,
which was sold within the nursery trade before it escaped and became invasive. In some cases,
when ornamental species escape cultivation there has been an increase in genetic diversity.
This occurs when sexual reproduction takes place between individuals of the same species
imported from different regions of its native range and/or from regions of the world where the
species has also been sold (Kwong et al. 2017; Chapter 3). This increased genetic variability in
the invaded range can then allow rapid adaptation into new niches (Williams et al. 2007,
Mukherjee et al. 2012). When this happens, predicting their potential distribution becomes very
difficult. This has occurred with S. terebinthifolia in Florida, USA, where two haplotypes of S.
terebinthifolia hybridised and this allowed the species to increase its fundamental niche
(Mukherjee et al. 2012). Mukherjee et al. (2012) suggested that one haplotype of S.
terebinthifolia was initially able to establish in Florida due to similar climate compatibility
between Florida and the tree’s native range in South America. However, they suggest the tree
was then able to spread to areas regarded to be out of the individual haplotypes fundamental
niche due to intraspecific hybridisation (Mukherjee et al. 2012). A common garden experiment
conducted in Florida showed that that hybrid S. terebinthifolia had higher survival, growth rates
and biomass than non-hybrids (Geiger et al. 2011). Mukherjee et al. (2012) continued to
suggest that multiple introductions of various haplotypes might assist invasion success (Geiger

et al. 2011; Mukherjee et al. 2012). However, Chapter 3 showed that only a single haplotype,
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“haplotype A”, is present in South Africa. This highlights the importance of ensuring no other
haplotypes are introduced into South Africa as it may result in S. terebinthifolia hybridising

and being able to expand its climatic niche.

Schinus terebinthifolia was originally only declared a category 1b weed in KwaZulu-Natal
Province as it was suggested that this was the only region suitable for the establishment and
spread of the species in South Africa. A category 1b invasive species by law requires a
management plan for its control and should be actively managed. In the rest of the South
African provinces, it was deemed a less serious invasive and declared a category 3 invader
(Henderson 2001). This was updated in National Environmental Management: Biodiversity
Act (NEMBA) (10/2004) in 2004 where it got elevated to a category 1b in the Eastern Cape,
Limpopo, Mpumalanga and KwaZulu-Natal provinces. This change in legislation was
supported by the predictive models which predicted areas out of the current distribution in
KwaZulu-Natal and into the other provinces. It is of concern that S. terebinthifolia is not listed
as a category 1b in the Western Cape Province. Every modeled treatment, with the exception
of the first treatment which just used the South Africa distribution data, predicted at least part
of the Western Cape Province to be suitable for invasion by S. terebinthifolia. The treatment
using the Koppen Geiger climate regions for background data suggested large amounts of the
Western Cape Province to be suitable for the invasion of S. terebinthifolia. If S. terebinthifolia
reaches the Western Cape Province, especially the coastal region, it may have similar impacts

as in KwaZulu-Natal, where managers are struggling to manage the spread of the species.

In KwaZulu-Natal Province, primarily in the eThekwini municipality, S. terebinthifolia has
been extensively managed using both chemical and mechanical control measures, including
using the registered chemicals Garlon or Timberel (www.botanicalsociety.org.za). These
control measures have not been sufficient to control populations of the tree and it continues to
spread both within populations and to develop new populations. Therefore, biological control
should be considered as a sustainable viable long-term solution for the species. In this study,
MaxEnt was used to refine regions from the species native range that would be climatically
similar to South Africa populations of the tree. Predictive models have been used to assist in
identifying areas climatically suited to priorities areas to conduct native range surveys for
biological control programmes (Paterson et al. 2009; Trethowan et al. 2011). Sutton (2019)
suggested a lack of climatic compatibility between the source of the invader and the invaded

range as a limiting factor in the success of biological control agents. Natural enemies found in
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areas of the native distribution where climatic conditions are similar to those in the introduced
distribution are more likely to establish and persist (Robertson et al. 2008). This study indicated
that regions in the plant’s native range between Florianopolis and Santos in south-eastern Brazil
were climatically similar to areas where the tree has invaded in South Africa. These areas found
in the native range also harbour haplotype A that is currently invading South Africa. This area
is therefore the most appropriate region to survey for climatically and genetically matched

potential biological control agents.
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5 Chapter 5: General discussion

This study aimed to investigate select drivers behind the invasion of S. terebinthifolia, with the
ultimate goal of providing solutions to facilitate in its management in South Africa. The tree
has been in South Africa for over a decade and has since escaped cultivation and spread to
become a NEMBA category 1b and 3 listed invasive demanding management (NEMBA Act
10.2004). What makes the invasion of S. terebinthifolia unique is that the species acquired a
specialist native seed predator M. transvaalensis (Grissell & Hobbs 2000). The first aim of this
thesis was to quantify the impact of M. transvaalensis on S. terebinthifolia to determine if it
was influencing the species in South Africa. Quantifying the impact of the wasps on S.
terebinthifolia was motivated by the influence of the unintentionally introduced wasp on S.
terebinthifolia populations in both Florida and Hawaii, USA. In these two states of the USA,
the wasp is considered a valuable biological control agent that can damage up to 80% of viable
seeds (Wheeler et al. 2001; Hight et al. 2002). It was found that M. transvaalensis was widely
distributed in South Africa; however, a lower level of damage was recorded compared to the
USA (Chapter 2). The low damage levels suggest that the wasp’s impact is not significant

enough to reduce the populations of the species in South Africa.

The different variants of S. terebinthifolia in the native range and the recorded intraspecific
hybridisation of haplotype A and B in Florida, led to the investigation into the invasion history
of S. terebinthifolia in South Africa. This was done to see if comparison could be drawn to the
USA, where a hybrid of the weed has been shown to be a superior invader when compared to
its progenitor haplotypes (haplotypes A and B). Only haplotype A was recorded in South Africa
and no indications of any hybridisation was evident (Chapter 3). The South Africa population
was also found to have a low number of alleles per loci, supporting the theory that the South
African population derived from a single introduction, similar to the stock population
introduced into Florida and Hawaii, or possibly originating in either Florida or Hawaii.
Determining the introductory pathway into South Africa was important for prioritising areas to
survey for any possible biological control agents (Goolsby et al. 2006; Cuda et al. 2019). It also
provided information towards understanding the relationship between the M. transvaalensis
and S. terebinthifolia, as the impact of the wasp on the different haplotypes was shown to vary
in the USA (Geiger et al. 2011). Finally, the fourth aim was to determine if the full potential
distribution of S. terebinthifolia in South Africa had been reached and where to survey for

climatically suited potential agents in the native distribution. The models showed potentially
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suitable areas that are currently uninvaded by S. terebinthifolia, suggesting that the species will
probably continue to spread in the country if left unmanaged (Chapter 4). One of the most
important findings from the predictive models was that the legislation regarding S.
terebinthifolia in the Western Cape Province should be changed, as the climate is suitable to
support S. terebinthifolia. The coastal region between Florianopolis and Santos in south-eastern
Brazil was identified as the closest climatic match to the invaded distribution in South Africa
and is therefore the most appropriate region to source biological control agents.

Biological control is regarded as one of the premiere control measures currently implemented
against certain invasive plant species in South Africa, especially for trees (reviews, see
Hoffmann & Moran 1991; Olckers & Hill 1999; Moran et al. 2011). As of 2016, 773 alien plant
taxa have been recorded as established in South Africa (Henderson & Wilson 2017).
Unfortunately, according to Zachariades et al. (2017), only about 59 of these alien plants have
a working biological control programme implemented against them, leaving the vast majority
without biological control. Selecting which species should be prioritised for management,
especially for weed biological control remains a difficult and contentious process. Globally, a
number of different methods for prioritisation have been suggested (Van Klinken et al. 2016).
The most common approach is to invite and query experts in the field for their opinion, as well
as to search available literature (Martin et al. 2012). These data can then be transformed into
various models or prioritisation methods namely: conceptual, semi-quantitative or quantitative
(Van Klinken et al. 2016). Essentially all methods should be guided by solid fundamental
research and data. This thesis should greatly contribute to any discussions regarding the

management of S. terebinthifolia in South Africa

Historically, in South Africa, weed biological control was primarily funded through the South
African Department of Agriculture and therefore the selection of weed candidates was, for
obvious reasons, focused on agricultural weeds with the emphasis on cactus invaders. In 1994,
weed biological control was moved out of the department of agriculture into the funding model
of the Working for Water programme (WfW) now one of the Natural Resource Management
Programmes (NRMP) within the Department of Environmental Affairs (DEA). This has led to
substantial increases in the funding available for biological control of environmental weeds
over the past 20 years (Zachariades et al. 2017). In South Africa no official prioritisation
method for invasive alien plants exists prioritisation is usually is driven by expert knowledge
and researched within the field, therefore there is no set method to ensure S. terebinthifolia

receives funding for biological control. Schinus terebinthifolia is currently not prioritised for
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biological control, but the limited impact of M. transvaalensis on S. terebinthifolia in South
Africa, the significant impacts seen in the USA, and the broad and potentially expanding
distribution, as well as the significant amount of work already conducted towards developing
biological control agents for the USA, indicates that S. terebinthifolia is a good target for
biological control in South Africa.

When starting a biological control programme, it is important to determine whether potential
agents are not already present in the introduced distribution. For example, when the biological
control programme against Sesbania punicea (Cav.) Benth. (Fabaceae) was initiated in South
Africa in 1982, four weevil species, including Trichapion lativentre Beguin-Bellecocq
(Curculionidaea), were introduced into quarantine facility to undergo host specificity testing
(Hoffmann & Moran 1991). However, retrospective surveys two years later revealed T.
lativentre was already broadly distributed in South Africa (Hoffmann & Moran 1991).
Megastigmus transvaalensis attacking the seeds of S. terebinthifolia has been known in South
Africa since the 1998’s (Grissell & Hobbs 2000) but the impact remained undetermined. The
seed-attacking wasp was shown to damage seeds throughout the invaded distribution in South
Africa, but in most cases, the level of damage was insignificant and far lower than in the USA.
The damage of M. transvaalensis on S. terebinthifolia seeds in South Africa is similar to that
of the natural predation of Megastigmus aculeatus (Hymenoptera: Torymidae) on Rosa
multiflora (Rosaceae) (Jesse et al. 2013), where the natural levels of M. aculeatus predation
are not sufficient to limit the reproduction of R. multiflora (Jesse et al. 2013). Why the wasp is
not affecting S. terebinthifolia to the same level as in Florida and Hawaii, USA remains to be
determined. It may be due to the wasp having a preferred alternative hosts from the Rhus genus
in South Africa. Quantifying seed predation on Rhus hosts and comparing them with the S.
terebinthifolia seed predation could investigate the question of an alternate host. It is, however,
important to remember that the wasp is responsible for a certain level of damage to S.
terebinthifolia in South Africa and may contribute to the overall level of control once new
agents are introduced. This would be similar to the control of S. punicea where the
unintentionally introduced T. lativentre now plays an important role in providing full control
of the weed in combination with two other agents (Hoffmann & Moran 1991; 1999). Therefore,
for S. terebinthifolia to be satisfactory reduced there should be a combination of natural
enemies. In South Africa M. transvaalensis is not damaging enough to reduce the population

of S. terebinthifolia but it could still assist in the management of the tree, as seed predators are
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often recommended as a first line of attack in biological control programmes (Hoffman &
Moran 1998).

There is growing pressure on biological control practitioners to prioritise which potential
agents will most likely be effective, before they are introduced in quarantine facilities (Morin
et al. 2006). The initial stages of biological control programmes, including keeping insects in
quarantine, are the most costly (Zachariades et al. 2017). This has resulted in an increased effort
in the pre-release stages of the biological control programme pipeline (Paterson et al. 2014;
McClay & Balciunas 2005; Morin et al. 2006). Investigations prior to the initiation of a
biological control programme are often neglected and many questions, such as climatic and
genetic suitability of the target weed populations, are usually only conducted if problems are
encountered. For example, Listronotus sordidus (Gyllenhal) (Curculionidae) was imported into
quarantine in South Africa as a potential biological control agent for the invasive macrophyte
Sagittaria platyphylla (Engelm.) J.G. Sm (Alismataceae) (Martin et al. 2018). In quarantine,
the agent was shown to be both host specific and damaging. However, investigations of the
populations of S. platyphylla in South Africa, when compared to the native range, showed the
S. platyphylla to be growing in different habitats. More importantly, habitats in South Africa
were unsuitable for the establishment of L. sordidus and the programme was ultimately
terminated (Martin et al. 2018). Therefore, any investigation that can prioritise or eliminate

species before introduction into quarantine are considered helpful.

Climatic matching and genotype matching are two methods of prioritisation that can be
considered before agent selection (Goolsbhy et al. 2006; Robertson et al. 2008; Paterson et al.
2009). The basic principle implies that biological control agents collected in areas of the native
distribution, where climatic conditions are similar to those in the introduced distribution, are
more likely to establish and persist (Robertson et al. 2008). For example
Solanum mauritianum Scop. (Solanaceae) has a broad distribution in South Africa favouring
the higher rainfall regions, particularly the Western and Eastern Cape, KwaZulu-Natal,
Gauteng, Mpumalanga and Limpopo provinces (Olckers 2003; 2011). In 2008 a biological
control agent Anthonomus santacruzi Hustache (Coleoptera: Curculionidae) was released in an
attempt to reduce S. mauritianum’s flowering capacity, excessive seed production and
dispersal (Olckers 2008; Klein 2011). Unfortunately, despite significant release efforts, the
agent only established along a climatically limited area of the southern coastline of KwaZulu-
Natal Province (Olckers 2011; Cowie et al. 2016). Retrospective climate matching has showed

that regions where the insect had established in South Africa matched with a greater than 60%
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accuracy to areas where the insects were collected from its native range, while areas where the
agent had not established had a less than 50% match to the native range (Cowie et al. 2016).
The agent will not have a significant impact on the S. mauritianum population in the majority
of invaded localities in South Africa because it is climatically limited and new climatically
suited agents need to be considered (Cowie et al. 2016). Conducting this climatic matching for
the biological control programme against S. mauritianum prior to the importation of A.
santacruzi may have resulted in the importation of a better suited agent, or a better suited
lineage of A. santacruzi.

Prioritising regions to search for potential biological control agents can significantly refine the
amount of time spent searching for agents but also ensure that agents collected are suited to the
invasive population. Identifying the haplotype in South Africa, as well as having the haplotypes
of the populations in the USA and South America, contributed to the predictive modelling in
Chapter 4. If the distributions of the hybrid populations were unknown, modelling would have
predicted areas larger than the actual niche of haplotype A, effectively influencing the size of
the potential distribution in South Africa, and the size of the prioritised regions in South
America to search for biological control agents. Currently S. terebinthifolia distribution is
limited to the tropical coastal regions of South Africa, however, it is predicted this may change
to include the Mediterranean climates of the Western Cape Province (Chapter 4). This suggests
that agents suitable of living in both climates or separate agents suited to each of the climates
should be considered. Similarly, natural enemies found feeding on plants in the native
distribution, that are genetically similar to those in the introduced distribution, are likely to
have local adaptations for feeding on the invasive plant genotypes (Goolsby et al. 2006). In this
case, insects which have been introduced and survived on plants genetically similar to plants
growing in the invaded range in South Africa are likely to have local adaptations for feeding
on the invasive plant haplotypes. The ability of the S. terebinthifolia hybrid population to
inhabit niches that were not suitable to the original haplotypes (Mukherjee et al. 2012) and the
reduced impact of the wasp on the hybrids in the USA (Geiger et al. 2011) highlights the

importance of using agents that have been sourced from the correct plant genotype.

Three potential biological control agents other than M. transvaalensis have been shown to
perform differently between the haplotypes and the hybrids. These include two thrips
Pseudophilothrips gandolfoloi and Pseudophilothrips ichini (Thysanoptera: Phlaeothripidae)
(Cudaet al. 2012) and psyllid Calophya terebinthifolia (Hemiptera: Calophyidae). In the native

range P. gandolfoi is mostly associated with haplotypes C and D, and during testing on the
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haplotypes and hybrids in Florida, the species performed poorly. Whereas Pseudophilothrip
ichini, which forms pit galls on the leaflets, collected from a haplotype A tree had high survival
on the all haplotypes from Florida including the hybrid (Manrique et al. 2008). Calophya
terebinthifolia was tested on five haplotypes (A, O, D, K, and M) and favoured haplotype A
(Christ 2010). Agents suited to the correct haplotype should be prioritised. This study has taken
some fundamental steps required for starting a biological control programme. Genotype and
climatic matching have proven to be useful for prioritisation of regions in the native distribution

where there should be focus on surveying biological control agents (Paterson et al. 2014).

5.1 Potential for biological control

Schinus terebinthifolia has a well-studied suite of natural enemies in its native range found in
different climatic regions and on different haplotypes (Hight et al. 2002; Wheeler et al. 2016).
A number of natural enemies have also been considered as potential biological control agents
and they have undergone host range testing as well as studies to determine their performance
on different haplotypes (Cuda et al. 2019). There are three agents that have been found to be
suitable to haplotype A, namely: Pseudophilothrips ichini, Calophya terebinthifoli discussed
abouve and Episimus unguiculus (Lepidoptera: Tortricidae) (Manrique et al. 2008: Cuda et al.
2019). Episimus unguiculus is a leaflet roller moth, which can completely defoliate small S.
terebinthifolia plants (Manrique et al. 2008, Cuda et al. 2019). The moth was released in
Hawaii, which only has haplotype A, and although the agent established, it was not sufficiently
damaging (Hight et al. 2002). Cuda et al. (2019) suggest that the ineffectiveness may be due in
part to biotic factors (parasitoides) unique to the Hawaii Island environment. These may not be
the same in South Africa and the agent should therefore be considered. Episimus unguiculus
was not released in Florida as it also oviposited and developed on the economically important
Pistacia spp. and there is zero tolerance for agents that attack any crops or native plants under
the current legislation in USA (Cuda et al. 2019). However, in the multiple-choice tests E.
unguiculus exhibited a clear preference for S. terebinthifolia relative to the non-target plants
used in the no-choice tests. Overall, the results of field observations during surveys in South
America and Hawaii, and host range studies completed in Hawaii and Florida, showed that E.
unguiculus is a narrow specialist on S. terebinthifolia, its natural host plant (Cuda et al. 2019).
Episimus unguiculus may therefore be considered suitably host specific for release in South
Africa.
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Two other agents have been released in Hawaii which could be considered for South Africa, a
seed-feeding beetle Lithraeus atronotatus (Coleoptera: Bruchidae) collected in Guapituba,
Ribeirao Pires and Maua in Sao Paulo state (Krauss 1963), and a stem-galling moth,
Crasimorpha infuscata (Lepidoptera: Gelechiidae) collected in Guapituba and Ribeirao Pires
in Sao Paulo state, Salvador in Bahia, and Recreio dos Bandeirantes in Guanabara (Krauss,
1963). These regions of collections all have haplotype A plants, but at the time the collections
were made researchers were not aware of the different S. terebinthifolia haplotypes, so the

agents may have been collected off other haplotypes present in the area.

Another promising agent identified for possible release in both Hawaii and Florida, was the
sawfly Heteroperreyia hubrichi (Hymenoptera: Pergidae). This agent was found to be
damaging to the leaves of S. terebinthifolia and capable of complete defoliation of plants (Hight
et al. 2002). Host specificity testing was conducted and the sawfly was considered safe to
release in both Hawaii and Florida based on its specificity. The sawfly was not released as it
was thought to be poisonous to livestock, as is the case with some other sawfly species (Hight
et al. 2002). Further research has indicated that the sawfly is actually not sufficiently toxic to
be a threat to live stock, but public opinion is now hampering the release of the agent (Dittrich
et al. 2004; Wheeler et al. 2016).

5.2  Suggestions for management

Firstly, the combination of predictive models and new records of S. terebinthifolia in the
Western Cape Province suggest the NEMBA regulations regarding S. terebinthifolia should be
updated to include the Western Cape Province as a category 1b invasive species. The NEMBA

regulations are updated regularly through the Department of Environmental Affairs.

Secondly, the invasion in Florida has been exacerbated by the hybridisation of the species and
this should be avoided as far as possible in South Africa. Currently only a single haplotype has
been found in South Africa and further importations of other haplotypes must be avoided at all

costs.

Thirdly, S. terebinthifolia is known to be a problematic and aggressively invasive species;
therefore, all appropriate measures need to be taken to reduce the extent and density of current
invasive populations, and to reduce the likelihood of further invasions. Chemical and

mechanical control measures for S. terebinthifolia are no longer viable options for reducing the
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overall population in South Africa but may still be useful in small-scale management
initiatives. This is supported by evidence from the USA where chemical control has proved to
be both expensive and ineffective on a landscape scale (Rodgers et al. 2012). It is suggested
that biological control should be considered as a component of the management of S.
terebinthifolia in South Africa and should be incorporated into the current management
strategies. There has been some significant successes in managing weed populations through
integrated control in South Africa, especially invasive trees (Hill & Coetzee 2008; Jones 2001,
van Wilgen and Richardson 2014; Zachariades et al. 2017) and these expertise should be
consulted before management options are considered.

Finally, biological control agents already known to be specific to S. terebinthifolia and capable
of developing on haplotype A should be prioritised for importation into quarantine facilities in
South Africa for further studies. Should these agents not be suitable for South Africa, it would
then be important to select agents from regions compatible to South Africa population. In the
native range coastal regions of Brazil, specifically regions between Florianopolis and Santos
are regions where agents for haplotype A could be collected for biological control programmes
in South Africa.

84



6 References

Aiello-Lammens, M.E., Boria, R.A., Radosavljevic, A., Vilela, B. and Anderson, R.P. 2015.
Sp Thin, an R package for spatial thinning of species occurrence records for use in ecological
niche models. Ecography, 38(5), 541-545.

Allendorf, F.W. and Lundquist, L.L. 2003. Introduction, population biology, evolution, and
control of invasive species. Conservation Biology, 17(1), 24-30.

Anderson, R.P. and Raza, A. 2010. The effect of the extent of the study region on GIS models
of species geographic distributions and estimates of niche evolution, preliminary tests with
montane rodents (genus Nephelomys) in Venezuela. Journal of Biogeography, 37(7), 1378-
1393.

Auger-Rozenberg, M.A. and Roques, A. 2012. Seed wasp invasions promoted by unregulated
seed trade affect vegetal and animal biodiversity. Integrative zoology, 7(3), 228-246.

Austin, M.P. and Meyers, J.A. 1996. Current approaches to modelling the environmental niche
of eucalypts, implication for management of forest biodiversity. Forest Ecology and
Management, 85(1-3), 95-106.

Austin, M.P. and Van Niel, K.P. 2011. Impact of landscape predictors on climate change
modelling of species distributions: a case study with Eucalyptus fastigata in southern New

South Wales, Australia. Journal of Biogeography, 38(1), 9-19.

Baltz, D.M. and Moyle, P.B. 1993. Invasion resistance to introduced species by a native

assemblage of California stream fishes. Ecological Applications, 3(2), 246-255.

Barbosa, L.C.A., Demuner, A.J., Clemente, A.D., Paula, V.F.D. and Ismail, F. 2007. Seasonal
variation in the composition of volatile oils from Schinus terebinthifolius Raddi. Quimica
Nova, 30(8), 1959-1965.

Barkley, F. A. 1944. Schinus L. Brittonbia, 5, 160-198.

Barkley, F. A. 1957. Sapindaceae of Southern South America. Lilloa, 28(1), 1.

85



Beaumont, L.J., Gallagher, R.V., Thuiller, W., Downey, P.O., Leishman, M.R. and Hughes L.
2009. Different climatic envelopes among invasive populations may lead to underestimations
of current and future biological invasions. Diversity Distribution, 15, 409-420.

Beck, J., Boller, M., Erhardt, A. and Schwanghart, W. 2014. Spatial bias in the GBIF database

and its effect on modeling species’ geographic distributions. Ecological Informatics, 19, 10-15.

Beerling, D.J., Huntley, B. and Bailey, J.P. 1995. Climate and the distribution of Fallopia
japonica, use of an introduced species to test the predictive capacity of response surfaces.
Journal of Vegetation Science, 6, 269-282.

Bhattarai, G. P. 2015. Biogeographical approaches for studying species invasion. Louisiana
State University, Baton Rouge, Louisiana, USA.

Bonin, A., Bellemain, E., Bronken Eidesen, P., Pompanon, F., Brochmann, C. and Taberlet, P.
2004. How to track and assess genotyping errors in population genetics studies. Molecular
ecology, 13, 3261-3273.

Boria, R.A., Olson, L.E., Goodman, S.M. and Anderson, R.P. 2014. Spatial filtering to reduce
sampling bias can improve the performance of ecological niche models. Ecology Modelling,
275, 73-77.

Boria, R.A., Olson, L.E., Goodman, S.M. and Anderson, R.P. 2017. A single-algorith ensemble
approach to estimating suitability and uncertainty, cross-time projections for four Malagasy
tenrecs. Diversity Distribution, 23, 196-208.

Botany Society. 2018. Available at: www.botanicalsociety.org.za (05/10/2018)

Briese, D.T. 2006. Host specificity testing of weed biological control agents, initial attempts to
modernize the centrifugal phylogenetic method. In CCBC-Five Proceedings of the Fifth
California Conference on Biological Control. Ed. by Hoddle MS, Johnson M, Riverside, CA,
pp. 32-39.

Broennimann, O., Treier, U. A., Muller-Scharer, H., Thuiller., W, Peterson, A.T. and Guisan,
A. 2007. Evidence of climatic niche shift during biological invasion. Ecology Letters, 10, 701—
709.

Bruce, T.J., Wadhams, L.J. and Woodcock, C.M. 2005. Insect host location, a volatile
situation. Trends in plant science, 10(6), 269-274.

86


http://www.botanicalsociety.org.za/

Burdon, J.J. and Marshall, D.R. 1981. Biological control and the reproductive mode of

weeds. Journal of Applied Ecology, 649-658.

Bushy, J.R. 1991. BIOCLIM—a bioclimatic analysis and prediction system. Plant protection

quaeterly (Australia).

Caithness, N. 1995. Pattern, process and the evolution of the African antelope (Mammalia,

Bovidae) (Doctoral dissertation).

Callaway, R.M. and Ascheborg, E.T. 2000. Invasive plants versus their new and old neighbors,

a mechanism for exotic invasion. Science, 290(5491), 521-523.

Canavan, K., Paterson, I.D. and Hill, M.P. 2017. Exploring the Origin and Genetic Diversity
of the Giant Reed, Arundo donax in South Africa. Invasive Plant Science and
Management, 10(1), 53-60.

Canavan, K., Paterson, I.D., Hill, M.P. and Dudley, T.L. 2018. Testing the Enemy Release
Hypothesis on tall-statured grasses in South Africa, using Arundo donax, Phragmites australis,

and Phragmites mauritianus as models. Bulletin of entomological research, 1-14.

Carpenter, G., Gillison, A.N. and Winter, J. 1993. DOMAIN, a flexible modelling procedure
for mapping potential distributions of plants and animals. Biodiversity and Conservation, 2(6),
667— 680.

Chase, M.W. and Hills, H.H. 1991. Silica gel, an ideal material for field preservation of leaf
samples for DNA studies. Taxon, 215-220.

Christ, L.R. 2010. Biology, population growth, and feeding preferences of Calophya
terebinthifolii (Hempitera, Psyllidae), a candidate for biological control of Brazilian
Peppertree, Schinus terebinthifolius (Anacardiaceae). M.Sc. Thesis, University of Florida,

Gainesville, Florida.

Cierjacks, A., Kowarik, 1., Joshi, J., Hempel, S., Ristow, M., Lippe, M. and Weber, E. 2013.
Biological flora of the British Isles, Robinia pseudoacacia. Journal of Ecology, 101(6), 1623-
1640.

Clewley, G.D., Eschen, R., Shaw, R.H. and Wright, D.J. 2012. The effectiveness of classical
biological control of invasive plants. Journal of Applied Ecology, 49(6), 1287-1295.

87



Coates Palgrave, K. 2002. Trees of southern Africa. New edition revised and updated by Meg
Coates Palgrave. Cape Town, Struik, 1212,118.

Cowie, B.W., Witkowski, E.T. and Byrne, M.J. 2016. Does climate constrain the spread of
Anthonomus santacruzi, a biological control agent of Solanum mauritianum, in South
Africa? Biological Control, 101, 1-7.

Crawley, M.J. 1997. Plant Ecology, Blackwell Scientific.

Creed Jr, R.P. and Sheldon, S.P. 1995. Weevils and watermilfoil, Did a North American

herbivore cause the decline of an exotic plant? Ecological Applications, 5(4), 1113-1121.

Cronin, J.T., Kiviat, E., Meyerson, L.A., Bhattarai, G.P. and Allen, W.J. 2016. Biological
control of invasive Phragmites australis will be detrimental to native P. australis. Biological
Invasions, 18, 2749-2752.

Cuda, J.P., Gillmore, J.L., Conant, P., Medal, J.C. and Pedrosa-Macedo, J.H. 2019. Risk
assessment of Episimus unguiculus (Lepidoptera, Tortricidae), a biological control agent of
Schinus terebinthifolia (Sapindales, Anacardiaceae) in Hawaii, USA, Biological control
Science and Technology, 29(4), 365-387

Cuda, J.P., Gillmore, J.L., Mitchell, A.O., Bricker, J., Watson, R.A., Garcete-Barrett, B. R. and
Mukherjee, A. 2016. Laboratory biology and impact of a stem boring weevil
Apocnemidophorus pipitzi (Coleoptera, Curculionidae) on Schinus terebinthifolia. Biological
control Science and Technology, 26(9), 1249-1266.

Cuda, J.P., Medal, J.C., Overholt, W.A., Vitorino, M.D. and Habeck, D.H. 2013. Classical
Biological Control of Brazilian Peppertree (Schinus terebinthifolia) in Florida. ENY-820
(IN114), one of a series of the Entomology and Nematology, UF/IFAS Extension.

Cuda, J.P., Christ, L.R., Manrique, V., Overholt, W.A., Wheeler, G.S. and Williams, D.A.
2012. Role of molecular genetics in identifying ‘fine-tuned’ natural enemies of the invasive

Brazilian peppertree, Schinus terebinthifolius, a review. Biological control, 57, 227-233.

Cuda, J.P., Gillmore, J.L., Medal, J.C. and Pedrosa-Macedo, J.H. 2008. Mass rearing of
Pseudophilothrips ichini (Thysanoptera, Phlaeothripidae), an approved biological control
agent for Brazilian peppertree, Schinus terebinthifolius (Sapindales, Anacardiaceae). Florida
Entomologist, 91(2), 338-340.

88



Cuda, J.P., Ferriter, A.P., Manrique, V. and Medal, J.C. 2006. Florida’s Brazilian Peppertree
Management Plan, Recommendations from the Brazilian Peppertree Task Force. Florida
Exotic Pest Plant Council, April 2006.

Cuda, J.P., Wheeler, G.S. and Habeck, D.H. 2002. Brazilian peppertree seed wasp,
Megastigmus transvaalensis (Hymenoptera, Torymidae). University of Florida Cooperative
Extension Service, Institute of Food and Agricultural Sciences, EDIS.

Daehler, C.C. 2003. Performance comparisons of co-occurring native and alien invasive plants,
implications for conservation and restoration. Annual Review of Ecology, Evolution, and
Systematics, 34(1), 183-211.

De Bach, P. 1964. Biological control of insect pests and weeds. Biological control of insect
pests and weeds. Rheinhold, New York

De Lange, W.J. and van Wilgen, B.W. 2010. An economic assessment of the contribution of
biological control to the management of invasive alien plants and to the protection of ecosystem
services in South Africa. Biological Invasions, 12(12), 4113-4124.

Department of Environmental Affairs (DEA). 2014. National Environmental Management,
Biodiversity Act (NEMBA), 2004 (Act No. 10 of 2004) Alien and Invasive Species Lists, 2014.
Government Gazette No. 37886.

DiTomaso, J.M. 2000. Invasive weeds in rangelands, species, impacts, and management. Weed
science, 48(2), 255-265.

Dittrich, R.L., J.H.P. Macedo, J. Cuda, and Biondo, A.W. 2004. Brazilian Peppertree sawfly-

larvae toxicity in bovines. Veterinary Clinical Pathology, 33:191.

Dlamini, P., Zachariades, C. and Downs, C.T. 2018. The effect of frugivorous birds on seed
dispersal and germination of the invasive Brazilian pepper tree (Schinus terebinthifolius) and

Indian laurel (Litsea glutinosa). South African Journal of Botany, 114, 61-68.

Dlugosch, K.M. and Parker, .M. 2008. Founding events in species invasions, genetic
variation, adaptive evolution, and the role of multiple introductions. Molecular Ecology, 17,
431-449.

89



Doren, R.F. and Jones, D.T. 1997. Management in Everglades National Park, in Strangers in
Paradise, Impact and Management of Nonindigenous Species in Florida, eds. D. Simberloff,
D.C. Schmitz, and T.C. Brown, Island Press, D.C., Washington, 275-286.

Downey, P.O. and Paterson, 1.D. 2016. Encompassing the relative non-target risks from agents
and their alien plant targets in biological control assessments. Biological Control, 61(6), 615-
630.

Dudley, T.L., Lambert, A.M., Kirk, A. and Tamagawa, Y. 2008. Augmentation biological
control of Arundo donax. In: Hoddle, M.S. and Johnson, M. (Eds) Proceedings of the California
Conference on Biological Control V. 141-145. Riverside, CA, USA

Earl, D.A. and VVon Holdt, B.M. 2012. STRUCTURE HARVESTER, A website and program
for visualizing STRUCTURE output and implementing the Evanno method. Conservation
Genetics Resources, 4, 359-361.

Edgin, B. ed. 2007. Vegetation management guideline, Tatarian, Morrow’s, Belle. and Amur
honeysuckle (Lonicera tatarica L., L. morrowii Gray, L. x bella Zabel. and L. maackii [Rupr.]

Maxim.). Report for the Illinois Nature Preserves Commission, Springfield, IL.

Ehrlich, P.R. and Raven, P.H. 1964. Butterflies and plants: a study in
coevolution. Evolution, 18(4), 586-608.

Elith. J, Leathwick, J.R. 2009. Species distribution models, ecological explanation and
prediction across space and time. Annual review of ecology evolution and systematics, 40, 677—
697.

Elith, J., Kearney, M. and Phillips, S. 2010. The art of modelling range-shifting species.
Methods in Ecology and Evolution, 1, 330-342.

Elith, J., Phillips, S.J., Hastie, T., Dudi’k, M., Chee, Y.E. and Yates, C.J. 2011. A statistical
explanation of MAXENT for ecologists. Diversity and distributions, 17, 43-57.

Esri, 2018. Esri, GIS mapping software, spatial data analytics and location

plarform. https.//www.esri.com/es-es/home.

Estoup, A. and Guillemaud, T. 2010. Reconstructing routes of invasion using genetic data,

why, how and so what? Molecular ecology, 19, 4113-4130.

90



Evanno, G., Regnaut, S. and Goudet, J. 2005. Detecting the number of clusters of individuals
using the software STRUCTURE, a simulation study. Molecular ecology, 14, 2611-2620.

Ewel, J. J. 1986. Invasibility, lessons from South Florida, in Ecology of Biological Invasions
of North America and Hawaii, eds. H. Mooney and J. Drake, SpringerVerlag, New York, 214-
230.

Ewel, JJ., Ojima, D.S., Karl, D.A. and De Busk, W.F. 1982. Schinus in successional
ecosystems of Everglades National Park. South Florida Research Center, 141, 55284.

Faulkner, K.T., Robertson, M.P., Rouget, M. and Wilson, J.R. 2017. Prioritising surveillance
for alien organisms transported as stowaways on ships travelling to South Africa. PloS
one, 12(4), 0173340.

Fernandes, D.R., Salas, C., Rothmann, S., Lara, R.l. and Perioto, N.W. 2014. Megastigmus
transvaalensis (Hymenoptera Torymidae) on Schinus polygamus (Anacardiaceae), a new

native host for this invasive seed-feeding species. Idesia, 32(4), 119-122.

Ferreira-Filho, P.J., Pifia-Rodrigues, F., Silva, J., Guerreiro, J.C., Ghiotto, T.C., Piotrowski, I.,
Dias, L.P., Wilcken, C.F. and Zanuncio, J.C. 2015. The exotic wasp Megastigmus
transvaalensis (Hymenoptera, Torymidae), first record and damage on the Brazilian
peppertree, Schinus terebinthifolius drupes, in Sdo Paulo, Brazil. Anais da Academia Brasileira
de Ciéncias, 87(4), 2091-2095.

Ferriter, A. ed. 1997. Brazilian pepper management plan for Florida: Recommendations from
the Florida Exotic Pest Plant Council's Brazilian Pepper Task Force. [Orlando, FL]: Florida
Exotic Pest Plant Council. 26.

Fielding, A.H. and Bell, J.F. 1997. A review of methods for the assessment of prediction errors

in conservation presence/absence models. Environmental conservation, 24, 38-49

Fowler, S.V., Syrett, P. and Hill, R.L. 2000. Success and safety in the biological control of
environmental weeds in New Zealand. Austral Ecology, 25(5), 553-562.

Fraser, S.M. and Lawton, J.H., 1994. Host range expansion by British moths onto introduced

conifers. Ecological Entomology, 19(2), 127-137.

91



Funasaki, G.Y., Lai, P.Y., Nakahara, L.M., Beardsley, J.W. and Ota, A.K. 1988. A review of
biological control introductions in Hawaii, 1890 to 1985. Proceedings of the Hawaiian
Entomological Society, 28,105-160

Gaskin, J.F., Bon, M.C., Cock, M.J., Cristofaro, M., De Biase, A., De Clerck-Floate, R.,
Ellison, C.A., Hinz, H.L., Hufbauer, R.A., Julien, M.H. and Sforza, R. 2011. Applying
molecular-based approaches to classical biological control of weeds. Biological
Control, 58(1), 1-21.

Gaskin, J.F., Zhang, D.Y., Bon, M.C. 2005. Invasion of Lepidium draba (Brassicaceae) in the
western United States, distributions and origins of chloroplast DNA haplotypes. Molecular
Ecology, 14, 2331-2341.

Geiger, J.H., Pratt, P.D., Wheeler, G.S. and A. Williams, D. 2011. Hybrid vigour for the
invasive exotic Brazilian peppertree (Schinus terebinthifolius Raddi. Anacardiaceae) in
Florida. International Journal of Plant Sciences, 172(5), 655-663.

Gitonga, L., Cron, G.V., McConnachie, A. and Byrne, M.J. 2015. Genetic variation of the
invasive Campuloclinium macrocephalum, Asteraceae in South Africa, inferred from

molecular markers. Weed research, 55(1), 51-61.

Global Biodiversity Information facility (GBIF) Availible at https://www.gbif.org/

Goolshy, J.A., De Barro, P.J., Makinson, J.R., Pemberton, R.W., Hartley, D.M. and Frohlich,
D.R. 2006. Matching the origin of an invasive weed for selection of herbivore haplotype for a

biological control programme. Molecular Ecology, 15(1), 287-297.

Goolsby, J.A., Wright, A.D. and Pemberton, R.W. 2003 Exploratory surveys in Australia and
Asia for natural enemies of Old World climbing fern, Lygodium microphyllum, Lygodiaceae.
Biological Control, 28, 33-46.

Grissell, E. E. 1999. An annotated catalog of world Megastigminae (Hymenoptera,

Chalcidoidea, Torymidae). Contributions of the American Entomological Institute, 31, 1-92.

Grissell, E.E. 1979. Family Torymidae. Catalog of Hymenoptera in America North of
Mexico, 1, 748-7609.

92



Grissell, E.E. and Hobbs, K.R., 2000. Megastigmus transvaalensis (Hussey) (Hymenoptera,
Torymidae) in California, methods of introduction and evidence of host shifting.
In Hymenoptera, evolution, biodiversity and biological control. Fourth International
Hymenoptera Conference, held in Canberra, Australia, in January 1999, 267-280. CSIRO
Publishing.

Grissell, E.E. and Prinsloo, G.L. 2001. Seed-feeding species of Megastigmus (Hymenoptera,
Torymidae) associated with Anacardiaceae. Journal of Hymenoptera Research, 10(2), 271-
279.

Groenteman, R., Fowler, S.V. and Sullivan, J.J., 2011. St. John’s wort beetles would not have
been introduced to New Zealand now, a retrospective host range test of New Zealand’s most

successful weed biocontrol agents. Biological Control, 57(1), 50-58.

Guisan, A. and Zimmermann, N.E. 2000. Predictive habitat distribution models in
ecology. Ecological modelling, 135(2-3), 147-186.

Gundidza, M., Gweru, N., Magwa, M.L., Mmbengwa, V. and Samie, A. 2009. The chemical
composition and biological activities of essential oil from the fresh leaves of Schinus
terebinthifolius from Zimbabwe. African Journal of Biotechnology, 8(24), 7164-7169

Guzzo da Silva, B., Frattini Fileti, A.M. and Pereira Taranto, O. 2015. Drying of brazilian
pepper-tree fruits (Schinus terebinthifolius Raddi): development of classical models and
artificial neural network approach. Chemical Engineering Communications, 202(8), 1089-
1097.

Habeck, D.H., Bennett, F.D. and Grissell, E.E. 1989. First record of a phytophagous seed
chalcid from Brazilian peppertree in Florida. Florida Entomologist, 72(2), 378-379.

Hamilton, M. 1999. Four primer pairs for the amplification of chloroplast intergenic regions

with intraspecific variation. Molecular ecology, 8,521-523.

Harley, K.L.S. and Forno, 1.W. 1992. Biological control of weeds, a handbook for practitioners

and students. Inkata Press.

Hayes, L., Fowler, S.V., Paynter, Q., Groenteman, R., Peterson, P., Dodd, S. and Bellgard, S.
2013. Biocontrol of weeds, achievements to date and future outlook. Ecosystem services in

New Zealand—conditions and trends. Manaaki Whenua Press, Lincoln, 375-385.

93



Heard, T.A. 2002. Host specificity testing of biocontrol agents of weeds. In Proceedings of a
Workshop on Biological Control of Invasive Plants in Native Hawaiian Ecosystems. Pacific
Cooperative Studies Unit, University of Hawaii at Manoa. Edited by Smith, CW, Denslow, JE.
and Hight, SD Technical Report, 129, 21-29.

Henderson, L. 2001. Alien Weeds and Invasive Plants. Alien Weeds and Invasive Plants. A
complete guide to declared weeds and invaders in South Africa. Pretoria, Agricultural Research
Council, Plant Protection Research Institute, Pretoria, South Africa

Henderson, L. and Wilson, J.R. 2017. Changes in the composition and distribution of alien
plants in South Africa, An update from the Southern African Plant Invaders Atlas. Bothalia-

African Biodiversity and Conservation, 47(2), 1-26.

Hight, S.D., Cuda, J.P. and Medal J.C. 2002. Brazilian peppertree. In: Lyon S, Blossey B,
Hoddle MS, Reardon R, van Driesche RG (eds) Biological control of invasive plants in the
eastern United States. USDA Forest Service, Morgantown, USA, 311-321

Hight, S.D., Horiuchi, I., Vitorino, M.D., Wikler, C. and Pedrosa-Macedo, J.H. 2003. Biology,
host specificity tests, and risk assessment of the sawfly Heteroperreyia hubrichi, a potential
biological control agent of Schinus terebinthifolius in Hawaii. Biological Control, 48(4), 461-
476.

Hijmans, R.J., Cameron, S., Parra, J.L, Jones, P.G. and Jarvis, A. 2005. Very high resolution
interpolated climate surfaces for global land areas. International journal of climatology, 25
(15), 1965-1978.

Hijmans, R.J., Van Etten, J.,, Cheng, J., Mattiuzzi, M., Sumner, M., Greenberg, J.A.,
Lamigueiro, O.P., Bevan, A., Racine, E.B., Shortridge, A. and Ghosh, A. 2016. raster:
Geographic Data Analysis and Modeling version 2.5-8. R Package.

Hill, M.P. and Terblanche, J.S. 2014. Niche overlap of congeneric invaders supports a single-
species hypothesis and provides insight into future invasion risk, implications for global

management of the Bactrocera dorsalis complex. PloS one, 9(2), 90121.

Hinz, H.L., Schwarzlander, M., Gassmann, A. and Bourchier, R.S. 2014. Successes we may
not have had, a retrospective analysis of selected weed biological control agents in the United

States. Invasive Plant Science and Management, 7(4), 565-579.

94



Hirzel, A.H., Hausser, J., Chessel, D. and Perrin, N. 2002. Ecological-niche factor analysis,
how to compute habitat-suitability maps without absence data? Ecology, 83(7), 2027-2036.

Hirzel, A.H., Helfer, V. and Metral, F. 2001. Assessing habitat-suitability models with a virtual
species. Ecological modelling, 145(2-3), 111-121.

Hoffmann, J.H. and Moran, V.C. 1998. The population dynamics of an introduced tree,
Sesbania punicea, in South Africa, in response to long-term damage caused by different
combinations of three species of biological control agents. Oecologia, 114, 343-348.

Hoffmann, J.H. and Moran, V.C. 1991. Biological control of Sesbania punicea (Fabaceae) in
South Africa. Agriculture, Ecosystems and Environment, 37(1-3), 157-173.

Hoffmann, J.H. and Moran, V.C. 1999. A review of the agents and factors that have contributed
to the successful biological control of Seshania punicea (Cav.) Benth. (Papilionaceae) in South
Africa. Biological Control of Weeds in South Africa (1990-1998). African Entomology
Memoir, 1, 75-79.

Hokkanen, H.M. and Pimentel, D. 1989. New associations in biological control, theory and
practice. The Canadian Entomologist, 121(10), 829-840.

Holmes, P.M., Esler, K.J., Richardson, D.M. and Witkowski, E.T.F. 2008. Guidelines for
improved management of riparian zones invaded by alien plants in South Africa. South African
Journal of Botany, 74(3), 538-552.

Hopper, J.V., McCue, K.F., Pratt, P.D., Duchesne, P., Grosholz, E.D and Hufbauer, R.A. 2018.
Into the weeds, matching importation history to genetic consequences and pathways in two

widely used biological control agents. Evolutionary Applications, DOI: 10.1111/eva.12755

http://koeppen-geiger.vu-wien.ac.at, Rubel and Kottel. 2010, accessed on November 2018.

Hufbauer, R.A. and Sforza, R. 2008. Multiple introductions of two invasive Centaurea taxa
inferred from cpDNA haplotypes. Diversity and distributions, 14(2), 252-261.

Hussey, N.W. 1956. A new genus of African Megastigminae (Hymenoptera, Chalcidoidea).
Proceedings of the Royal Society of London, 25, 157-162.

95



Impson, F.A.C., Kleinjan, C.A., Hoffmann, J.H., Post, J.A. and Wood, A.R. 2011. Biological
control of Australian Acacia species and Paraserianthes lophantha (Willd.) Nielsen
(Mimosaceae) in South Africa. African Entomology, 19(1), 86-207.

Iponga, M.D. 2009. Invasive potential of the Peruvian pepper tree (Schinus molle) in South

Africa (Doctoral dissertation, Stellenbosch, University of Stellenbosch).

Iponga, D.M, Cuda, J.P, Milton, S.J. and Richardson, D.M. 2008. Megastigmus wasp damage
to seeds of Schinus molle, Peruvian pepper tree, across a rainfall gradient in South Africa,
implications for invasiveness. African Entomology, 16, 127-131.

Jesse, L., Collyer, M., Moloney, K. and Obrycki, J.J. 2013. Distribution of Megastigmus
aculeatus (Hymenoptera, Torymidae) and the levels of seed predation of Rosa multiflora
(Rosaceae). Weed Biology and Management, 13(3), 79-88.

Jones D. 2018. Dolphin Coast Conservancy, www.dolphincoastconservancy.co.za. Accessed
January 2018

Jones, R.W. 2001. Integrated control of water hyacinth on the Nseleni/Mposa Rivers and Lake
Nsezi, Kwa Zulu-Natal, South Africa. In, Proceedings of the 2nd Meeting of the Global
Working Group for the Biological and Integrated Control of Waterhyacinth (Ed. Julien,
M.H, Hill, M.P,Center, T.D and Ding, J), 123-129. Beijing, China, 9-12 October 2000.

Australian Centre for International Agricultural Research, Canberra (AU)

Jones, P.G. and Gladkov, A. 1999. FloraMap Vers. 1. A computer tool for predicting the
distribution of plants and other organisms in the wild. Centro Internacional de Agricultura
Tropical CIAT CD-ROM Series, Cali, Colombia.

Joyner, T.A., Lukhnova, L., Pazilov., Y, Temiralyeva., G, Hugh-Jones., M.E, Aikimbayev., A.
and Blackburn, J.K. 2010. Modeling the potential distribution of Bacillus anthracis under

multiple climate change scenarios for Kazakhstan. PLoS One, 5, 1-15 €9596.

Keane, R.M. and Crawley, M.J. 2002. Exotic plant invasions and the enemy release

hypothesis. Trends in ecology and evolution, 17(4), 164-170.

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S.,
Cooper, A., Markowitz, S., Duran, C., Thierer, T., Ashton, B., Meintjes. P. and Drummond, A.

96


http://www.dolphincoastconservancy.co.za/

2012. Geneious Basic, an integrated and extendable desktop software platform for the
organization and analysis of sequence data. Bioinformatics, 28, 1647—1649.

Klein, H. 2011. A catalogue of the insects, mites and pathogens that have been used or rejected,
or are under consideration, for the biological control of invasive alien plants in South
Africa. African Entomology, 19(1), 515-549.

Krauss, N. 1963. Biological control investigations on Christmas berry (Schinus
terebinthifolius) and emex (Emex spp.). Proceedings of the Hawaiian Entomological
Society, 18(2).

Krauss, N.L. 1962. Biological control investigations on insect, snail, and weed pests in tropical
America, 1961. Proceedings of the Hawaiian Entomological Society, 18, 131-133.

Kriticos, D.J., Watt, M.S., Potter, K.J.B., Manning, L.K., Alexander, N.S. and Tallent-Halsell,
N. 2011. Managing invasive weeds under climate change, considering the current and potential
future distribution of Buddleja davidii. Weed Research, 51(1), 85-96.

Kumar, S. and Stohlgren, T.J. 2009. Maxent modeling for predicting suitable habitat for
threatened and endangered tree Canacomyrica monticola in New Caledonia. Journal of
Ecology and the Natural Environment, 1(4), 094-098.

Kuruneri-Chitepo, C. and Shackleton, C.M. 2011. The distribution, abundance and
composition of street trees in selected towns of the Eastern Cape, South Africa. Urban Forestry
and Urban Greening, 10(3), 247-254.

Kwong, R.M., Sagliocco, J.L., Harms, N.E., Butler, K.L., Green, P.T. and Martin, G.D. 2017.
Biogeographical comparison of the emergent macrophyte, Sagittaria platyphylla in its native

and introduced ranges. Aquatic botany, 141, 1-9.

Lambert, A.M. and Casagrande, R.A. 2007. Susceptibility of native and non-native common
reed to the non-native mealy plum aphid (Homoptera: Aphididae) in North

America. Environmental Entomology, 36(2), 451-457.

Lee, C.E. 2002. Evolutionary genetics of invasive species. Trends in Ecology and Evolution,
17, 386-391.

Lennox, C.L., Hoffmann, J.H., Coutinho, T.A. and Roques, A. 2009. A threat of exacerbating

the spread of pitch canker precludes further consideration of a cone weevil, Pissodes

97



validirostris, for biological control of invasive pines in South Africa. Biological
Control, 50(2), 179-184.

Lenzi, M. and Orth, A.l. 2004. Reproductive phenology, morphology and floral biology of
Schinus terebinthifolius Raddi (Anacardiaceae), in restinga of Santa Catarina Island,
Brazil. Biothems, 17(2), 67-89.

Leung, B., Roura-Pascual, N., Bacher, S., Heikkild, J., Brotons, L., Burgman, M.A., Dehnen-
Schmutz, K., Essl, F., Hulme, P.E., Richardson, D.M. and Sol, D. 2012. TEASIng apart alien
species risk assessments, a framework for best practices. Ecology Letters, 15(12), 1475-1493.

Levine, J.M. 2000. Species diversity and biological invasions, relating local process to
community pattern. Science, 288, 852—854.

Lewontin.,R.C. 1995. The apportionment of human diversity. In, Dobzhansky T., Hecht M.K.,
Steere W.C. (eds) Evolutionary biology 6, 381-398. Springer New York.

Liebhold, A.M., Brockerhoff, E.G., Garrett, L.J., Parke, J.L. and Britton, K.O. 2012. Live plant
imports: the major pathway for forest insect and pathogen invasions of the United States.

Frontiers in Ecology and the Environment, 10, 135-143.

Lobo, J.M., Jimenez-Valverde, A. and Real, R. 2008. AUC, a misleading measure of the
performance of predictive distribution models. Global ecology and biogeography, 17, 145-
151.

Macdonald, 1.A.W., Reaser, J.K., Bright, C., Neville, L.E., Howard, G.W., Murphy, S.J. and
Preston, G. 2003. Invasive alien species in Southern Africa, national reports and directory of
resources. Invasive alien species in Southern Africa, national reports and directory of

resources. Global Invasive Species Programe, Cape Town, South Africa.

Madeira, P.T., Coetzee, J.A., Center, T.D., White, E.E. and Tipping, P.W. 2007. The origin of
Hydrilla verticillata recently discovered at a South African dam. Aquatic Botany, 87(2), 176-
180.

Magarey, R., Newton, L., Hong, S.C., Takeuchi, Y., Christie, D., Jarnevich, C.S., Kohl, L.,
Damus, M., Higgins, S.I., Millar, L. and Castro, K. 2018. Comparison of four modeling tools
for the prediction of potential distribution for non-indigenous weeds in the United
States. Biological Invasions, 20(3), 679-694.

98



Manrique, V., Cuda, J. P., Overholt, W. A. and Diaz, R. 2008. Temperature-dependent
development and potential distribution of Episimus utilis (Lepidoptera, Tortricidae), a
candidate biological control agent of Brazilian peppertree (Sapindales, Anacardiaceae) in

Florida. Environmental Entomology, 37, 862-870.

Marais, C., Van Wilgen, B.W. and Stevens, D. 2004. The clearing of invasive alien plants in
South Africa, a preliminary assessment of costs and progress, working for water. South African
Journal of Science, 100(1-2), 97-103.

Maron, J.L. and Vila, M. 2001. When do herbivores affect plant invasion? Evidence for the

natural enemies and biotic resistance hypotheses. Oikos, 95(3), 361-373.

Martin, G.D., Coetzee, J.A., Lloyd, M., Nombewu, S.E., Ndlovu, M.S., and Kwong, R.M.
2018. Invaded habitat incompatibility affects the suitability of the potential biological control
agent Listronotus sordidus for Sagittaria platyphylla in South Africa. Biocontrol Science and
Technology, 28(5), 468-485.

Martin, G.D. and Coetzee, J.A. 2011. Pet stores, aquarists and the internet trade as modes of

introduction and spread of invasive macrophytes in South Africa. Water SA, 37(3).

Martin, T.G., Burgman, M.A., Fidler, F., Kuhnert, P.M., Lowchoy, S.A.M.A.T.H.A., McBride,
M. and Mengersen, K. 2012. Eliciting expert knowledge in conservation science. Conservation
Biology, 26(1), 29-38.

Maruyama, T. and Fuerst, P. A. 1985. Population bottlenecks and none quilibrium models in
population genetics. 11. Number of alleles in a small population that was formed by a recent
bottleneck. Genetics, 111, 675-689.

McClay, A.S. and Balciunas, J.K. 2005. The role of pre-release efficacy assessment in selecting
classical biological control agents for weeds—applying the Anna Karenina
principle. Biological control, 35(3), 197-207.

McFadyen, R.E.C. 1998. Biological control of weeds. Annual review of entomology, 43(1),
369-393.

McKay, F., Oleiro, M., Walsh, G. C., Gandolfo, D., Cuda, J.P. and Wheeler, G.S. 2009. Natural
enemies of Brazilian peppertree (Schinus terebinthifolius, Anacardiaceae) from Argentina,

their possible use for biological control in the USA. Florida Entomologist, 92, 292-303.

99



McKinney, M.L. 2006. Correlated non-native species richness of birds, mammals, herptiles
and plants, scale effects of area, human population and native plants. Biological Invasions,
8(3), 415-425.

McPherson, J.M., Jetz, W. and Rogers, D.J. 2004. The effects of species’ range sizes on the
accuracy of distribution models, ecological phenomenon or statistical artefact? Journal of
applied ecology, 41(5), 811-823.

Merow, C., Smith, M.J. and Silander, Jr, J.A. 2013. A practical guide to MaxEnt for modeling
species’ distributions, what it does, and why inputs and settings matter. Ecography, 36(10),
1058-69.

Milton, S.J., Wilson, J.R.U., Richardson, D.M., Seymour, C.L., Dean, W.R.J., Iponga, D.M.
and Proches, S. 2007. Invasive alien plants infiltrate bird-mediated shrub nucleation processes

in arid savanna. Journal of Ecology, 95(4), 648-661.

Mitchell, C.E. and Power, A.G. 2003. Release of invasive plants from fungal and viral
pathogens. Nature, 421(6923), 625.

Mooney, H.A. 2005. Invasive alien species, the nature of the problem. Scope-scientific

committee on problems of the environment international council of scientific unions, 63, 1.

Moran, V.C. and Hoffmann, J.H. 2015. The Fourteenth International Symposium on Biological
Control of Weeds, 1969-2014, Delegates, demographics and inferences from the debate on
non-target effects, Biological Control, 87, 23-31.

Moran, V.C., Hoffmann, J.H. and Zimmermann, H.G. 2013. 100 years of biological control of
invasive alien plants in South Africa, History, practice and achievements. South African
Journal of Science, 109(9-10), 01-06.

Moran, V.C., Hoffmann, J.H. and Hill, M.P. 2011. A context for the 2011 compilation of
reviews on the biological control of invasive alien plants in South Africa. African
Entomology, 19(2), 177-186.

Morin, L., Reid, A.M., Sims-Chilton, N.M., Buckley, Y.M., Dhileepan, K., Hastwell, G.T.,
Nordblom, T.L. and Raghu, S. 2009. Review of approaches to evaluate the effectiveness of

weed biological control agents. Biological control, 51(1), 1-15.

100



Morin, L., Evans, K.J. and Sheppard, A.W. 2006. Selection of pathogen agents in weed
biological control, critical issues and peculiarities in relation to arthropod agents. Australian
Journal of Entomology, 45(4), 349-365.

Morton, J.F. 1978. Brazilian pepper-Its impact on people, animals and the environment.
Economic Botany, 32(4), 353-359.

Mukherjee, A., Williams, D. A., Wheeler, G.S., Cuda, J.P., Pal. S. and Overholt. W.A. 2012
Brazilian peppertree (Schinus terebinthifolius) in Florida and South America, evidence of a
possible niche shift driven by hybridization. Biological Invasion, 14(7), 1415-1430.

Mdiller-Schérer, H. and Schaffner, U. 2008. Classical biological control, exploiting enemy
escape to manage plant invasions. Biological Invasions, 10(6), 859-874.

Negga, H.E. 2007, March. Predictive modelling of amphibian distribution using ecological
survey data, a case study of Central Portugal. ITC.

Nei, M. 1973. Analysis of gene diversity in subdivided populations. Proceedings of the
National Academy of Sciences, 70(12), 3321-3323.

Nel, J.L., Richardson, D.M., Rouget, M., Mgidi, T.N., Mdzeke, N., 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 prioritizing species and areas for

management action, working for water. South African Journal of Science, 100(1-2), 53-64.

Newbold, T., Reader, T., El-Gabbas, A., Berg, W., Shohdi, W.M., Zalat, S., El Din, S.B. and
Gilbert, F. 2010. Testing the accuracy of species distribution models using species records from
a new field survey. Oikos, 119(8), 1326-1334.

Noyes, J.S. and Sadka, M. 2003. The Natural History Museum. Universal Chalcidoides

Database.

Olckers, T. 2011. Biological control of Solanum mauritianum Scop. (Solanaceae) in South

Africa, will perseverance pay off? African Entomology, 19, 416-426.

Olckers, T. 2008. Anthonomus santacruzi Hustache (Curculionidae), a new biological control
agent for bugweed, Solanum mauritianum Scopoli, in South Africa, poses no risk to cotton

production. African Entomology, 16, 137-139.

101



Olckers, T. 2003. Assessing the risks associated with the release of a flower bud
weevil, Anthonomus santacruzi, against the invasive tree Solanum mauritianum in South
Africa. Biological Control, 28(3), 302-312.

Olckers, T. and Hill, M.P. 1999. Biological control of weeds in South Africa (1990-1998).
African Entomology Memoir, 1, 113-118.

Orwa, C., Mutua, A., Kindt, R., Jamnadass, R. and Simons, A. 2009. Agroforestree database,
a tree species reference and selection guide version 4.0. World Agroforestry Centre ICRAF,
Nairobi, Kenya.

Panetta, F.D. and McKee, J. 1997. Recruitment of the invasive ornamental, Schinus
terebinthifolius is dependent upon frugivores. Australian Journal of Ecology, 22(4), 432-438.

Papes, M. and Peterson, A.T. 2003. Predicting the potential invasive distribution for
Eupatorium adenophorum Spreng. in China. Journal of Wuhan Botanical Research, 21(2),
137-142.

Parker, M.A. 2012. Legumes select symbiosis island sequence variants in
Bradyrhizobium. Molecular ecology, 21(7), 1769-1778.

Paterson, 1.D., Muskett, P.A., Mdodana, L.A. and Vitorino, M.D. 2019. Pereskiophaga
brasiliensis, a natural enemy of the invasive alien cactus Pereskia aculeata, is not suitably host
specific for biological control in South Africa. Biocontrol Science and Technology, 1-5.
doi.org/10.1080/09583157.2019.1581132

Paterson, 1.D., Vitorino, M.D., de Cristo, S.C., Martin, G.D. and Hill, M.P. 2014. Prioritisation
of potential agents for the biological control of the invasive alien weed, Pereskia aculeata

(Cactaceae), in South Africa. Biocontrol science and technology, 24(4), 407-425.

Paterson, I.D. and Zachariades, C. 2013. ISSRs indicate that Chromolaena odorata invading

southern Africa originates in Jamaica or Cuba. Biological Control, 66(2), 132-139.

Paterson, 1. D., Downige, D. A. and Hill, M. P. 2009. Using molecular methods to determine the
origin of weed populations of Pereskia aculeata in South Africa and its relevance to biological
control. Biological Control, 48, 84-91.

Paynter, Q.E., Fowler, S.V., Gourlay, A.H., Haines, M.L., Harman, H.M., Hona, S.R.,
Peterson, P.G., Smith, L.A., Wilson-Davey, J.R.A., Winks, C.J. and Withers, T.M. 2004.

102



Safety in New Zealand weed biocontrol, a nationwide survey for impacts on non-target
plants. Safety in New Zealand weed biocontrol, a nationwide survey for impacts on non-target
plants, 102-107.

Peakall, R. and Smouse, P.E. 2012. GenAlEx 6.5, genetic analysis in Excel. Population genetic

software for teaching and research—an update. Bioinformatics, 28, 2537-2539.

Pearce, J. and Ferrier, S. 2000. Evaluating the predictive performance of habitat models

developed using logistic regression. Ecological modelling, 133(3), 225-245.

Pearson, R.G., Raxworthy, C.J., Nakamura, M. and Peterson, A.T. 2007. Predicting species
distributions from small numbers of occurrence records, a test case using cryptic geckos in

Madagascar. Journal of biogeography, 34(1), 102-117.

Pemberton, R.W. 2000. Predictable risk to native plants in weed biological control,
Oecologia, 125(4), 489-494.

Phillips, S.J., Anderson, R.P., Dudik, M., Schapire, R.E. and Blair, M.E. 2017. Opening the
black box, an open-source release of MaxEnt. Ecography, 40(7), 887-893.

Phillips, S.J., Anderson, R.P. and Schapire, R.E. 2006. Maximum entropy modeling of species
geographic distributions. Ecological modelling, 190(3-4), 231-259.

Pimentel, D., Zuniga, R. and Morrison, D. 2005. Update on the environmental and economic
costs associated with alien-invasive species in the Unites States. Ecological Economics, 52,
273-288.

Pooley, S. 2009. Jan van Riebeeck as pioneering explorer and conservator of natural resources
at the Cape of Good Hope (1652-62). Environment and History, 15(1), 3-33.

Potts, G. 1919. The pepper tree (Schinus molle) in its relation to epidemic hay fever, interim
report. South African Journal of Science, 15, 525-530.

Powles, S.B. 2018. Herbicide resistance in plants, biology and biochemistry. Crc Press.

Pritchard, J.K., Stephens, M. and Donnelly, P. 2000. Inference of population structure using
multilocus genotype data. Genetics, 155, 945-959.

103



Pujade-Villar, J. and Caicedo, G. 2010. First appointment of Megastigmus transvaalensis
(Hymenoptera, Chalcidoidea: Torymidae) for Colombia. Bulletin of the Spanish Entomology
Association, 34 (3-4), 431-433.

Radosavljevic, A. and Anderson, R.P. 2014. Making better MaxEnt models of species
distributions, complexity, overfitting and evaluation. Journal of biogeography, 41(4), 629-643.

Randall, J.J. 2000. Schinus terebinthifolius. In: Bossard, C.C.; Randall, J.M.; Hoshovsky, M.C.,
eds. Invasive plants of California's wildlands. Berkeley, CA: University of California Press:
282-286.

Richardson, D.M., Carruthers, J., Hui, C., Impson, F.A., Miller, J.T., Robertson, M.P., Rouget,
M., Le Roux, J.J. and Wilson, J.R. 2011. Human-mediated introductions of Australian acacias—

a global experiment in biogeography. Diversity and Distributions, 17(5), 771-787.

Richardson, D.M. and Kluge, R.L. 2008. Seed banks of invasive Australian Acacia species in
South Africa, role in invasiveness and options for management. Perspectives in Plant Ecology,
Evolution and Systematics, 10(3), 161-177.

Richardson, D.M. and Van Wilgen, B.W. 2004. Invasive alien plants in South Africa, how well
do we understand the ecological impacts? working for water. South African Journal of
Science, 100(1-2), 45-52.

Richardson, D.M., Cambray, J.A., Chapman, R.A., Dean, W.R.J., Griffiths, C.L., Le Maitre,
D.C., Newton, D.J. and Winstanley, T.J. 2003. Vectors and pathways of biological invasions
in South Africa, past, present and future. Invasive Species. Vectors and Management
Strategies, 292-349.

Richardson, D.M., Macdonald, I.A.W., Hoffmann, J.H. and Henderson, L. 1997. Alien plant

invasions. Vegetation of southern Africa, 535.

Robertson, M.P., Kriticos, D.J. and Zachariades, C. 2008. Climatic matching techniques to

narrow the search for biological control agents. Biological Control, 46, 442-452.

Robertson, M.P., Villet, M.H. and Palmer, A.R. 2004. A fuzzy classification technique for
predicting species’ distributions, applications using invasive alien plants and indigenous

insects. Diversity and distributions, 10(5-6), 461-474.

104



Robertson, M.P., Peter, C., Villet, M.H. and Ripley, B.S. 2003. Comparing models for
predicting species’ potential distributions, a case study using correlative and mechanistic

predictive modelling techniques. Ecological Modelling, 164, 153-167.

Robinson, J.V. and Wellborn, G.A. 1988. Ecological resistance to the invasion of a freshwater

clam, Corbicula fluminea, fish predation effects. Oecologia, 77(4), 445-452.

Roderick, G.K. 2004. Tracing the origin of pests and natural enemies, genetic and statistical
approaches. Pg 97-112 in Ehler, L.E., Sforza, R. and Mateille, T. eds. Genetics, evolution and

biological control. CAB eBooks.

Rodgers, L., Bodle, M., Black, D. and Laroche, F. 2012. Status of nonindigenous species, in
2012 South Florida Environmental Report, 1-The South Florida Environment. South Florida
Water Management District, Florida, West Palm Beach, 7-1 to 7-35.

Rollins, L.A., Woolnough, A.P., Wilton, A.N., Sinclair, R. and Sherwin, W.B. 2009. Invasive
species can’t cover their tracks, using microsatellites to assist management of starling (Sturnus

vulgaris) populations in Western Australia. Molecular ecology, 18, 1560-1573.

Roques, A., Copeland, R.S., Soldati, L., Denux, O. and Auger-Rozenberg, M.A. 2016.
Megastigmus seed chalcids (Hymenoptera, Torymidae) radiated much more on Angiosperms
than previously considered. 1-Description of 8 new species from Kenya, with a key to the

females of Eastern and Southern Africa. ZooKeys, (585), 51.

Roques, A., Kenis, M., Lees, D., Lopez-Vaamonde, C., Rabitsch, W., Rasplus, J.Y. and Roy,
D.B. 2010. Special Issue, Alien terrestrial arthropods of Europe. BIORISK-Biodiversity and

Ecosystem Risk Assessment, (4).

Sakai, A.K., Allendorf, F. W., Holt, J.S., Lodge, D.M., Molofsky, J., With, K.A., Baughman,
S., Cabin, R.J., Cohen, J.E., Ellstrand, N.C., McCauley, D.E., O'Neil, P., Parker, I.M.,
Thompson, J.N. and Weller, S.G. 2001. The population biology and invasive species. Annual
review of ecology and systematics, 23, 305-332.

Sala, O.E., Chapin, F.S., Armesto, J.J., Berlow, E., Bloomfield, J., Dirzo, R., Huber-Sanwald,
E., Huenneke, L.F., Jackson, R.B., Kinzig, A. and Leemans, R. 2000. Global biodiversity
scenarios for the year 2100. Science, 287(5459), 1770-1774.

105



SAPIA:  South  African Plant Invader Atlas. 2018. Available at
http://www.invasives.org.za/events/item/1312-southern-african-plant-invaders-atlas-sapia-phase-ii-

update

Sanin, C. and Anderson, R.P. 2018. A framework for simultaneous tests of abiotic, biotic, and
historical drivers of species distributions, empirical tests for North American wood warblers
based on climate and pollen. The America Naturalist, 192(2), E46-E61.

Scheffer, S.J. and Grissell, E.E. 2003. Tracing the geographical origin of Megastigmus
transvaalensis (Hymenoptera, Torymidae), an African wasp feeding on a South American plant
in North America. Molecular Ecology, 12(2), 415-421.

Schwarzlander, M., Hinz, H.L., Winston, R.L. and Day, M.D. 2018. Biological control of
weeds, an analysis of introductions, rates of establishment and estimates of success,

worldwide. Biological Control, 1-13.

Scott, J.K., Yeoh, P.B. and Michael, P.J. 2016. Methods to select areas to survey for biological
control agents, an example based on growth in relation to temperature and distribution of the

weed Conyza bonariensis. Biological control, 97, 21-30.

Shaw, R.H., Ellison, C.A., Marchante, H., Pratt, C.F., Schaffner, U., Sforza, R.F. and Deltoro,
V. 2018. Weed biological control in the European Union: from serendipity to
strategy. Biological Control, 63(3), 333-347.

Shcheglovitova, M. and Anderson, R.P. 2013. Estimating optimal complexity for ecological
niche models, a jackknife approach for species with small sample sizes. Ecological modelling,
269, 9-17.

Shirk, R.Y., Hamrick, J.L., Zhang, C. and Qiang, S. 2014. Patterns of genetic diversity reveal
multiple introductions and recurrent founder effects during range expansion in invasive

populations of Geranium carolinianum (Geraniaceae). Heredity, 112(5), 497.
Sim T.R. 1919. Flowering trees and shrubs for use in South Africa. Johannesburg.

Simberloff, D. and Stiling, P. 1996. Risks of species introduced for biological
control. Biological conservation, 78(1-2), 185-192.

Spies, J.J. and Stirton, C.H. 1982. Meiotic studies of some South African cultivars of Lantana
camara (Verbenaceae). Bothalia, 14(1), 101-111.

106



Stockwell, C.A. and Ashley, M.V. 2004. Diversity, rapid adaptation and conservation.
Conservation biology, 18, 272-273.

Stockwell, C.A., Hendry A.P. and Kinnison, M.T. 2003. Contemporary evolution meets
conservation biology. Trends in ecology and evolution, 18, 94-101.

Stone, C.P., Smith, C.W. and Tunison, J.T. eds. 1992. Alien plant invasions in native

ecosystems of Hawali'i: management and research. University of Hawaii.

Suarez, A.V. and Tsutsui, N.D. 2008. The evolutionary consequences of biological invasions.
Molecular ecology, 17, 351-360.

Suckling, D.M. and Sforza, R.F.H. 2014. What magnitude are observed non-target impacts
from weed biocontrol? PLoS One, 9(1), 84847.

Sutherst, R.W., Maywald, G.F., Yonow, T. and Steven, P.M. 1999. CLIMEX, predicting the
effects of climate on plants and animals. Collingwood, Victoria, Australia CSIRO Publishing.

Sutton, G.F. 2019. Searching for a needle in a haystack, Where to survey for climatically
matched biological control agents for two grasses (Sporobolus spp.) invading
Australia. Biological Control, 129, 37-44.

Sutton, G.F., Paterson, I.D. and Paynter, Q. 2017. Genetic matching of invasive populations
of the African tulip tree, Spathodea campanulata Beauv. (Bignoniaceae), to their native
distribution, Maximising the likelihood of selecting host-compatible biological control
agents. Biological Control, 114, 167-175.

Tabashnik, B.E. 1982. Responses of pest and non-pest Colias butterfly larvae to intraspecific

variation in leaf nitrogen and water content. Oecologia, 55(3), 389-394.

Tahvanainen, J. and Niemeld, P. 1987. January. Biogeographical and evolutionary aspects of
insect herbivory. In Annales Zoologici Fennici, 239-247. Finnish Academy of Sciences,
Societas Scientiarum Fennica, Societas pro Fauna et Flora Fennica and Societas Biologica

Fennica Vanamo.

The Plant List. 2013. Version 1.1. Published on the Internet; http,//www.theplantlist.org/
(accessed 07/February)

107



Thompson, G.D., Robertson, M.P., Webber, B.L., Richardson, D.M., Le Roux, J.J. and Wilson,
J.R.U. 2011. Predicting the subspecific identity of invasive species using distribution models,
Acacia saligna as an example. Diversity Distribution, 17, 1001-1014.

Trethowan, P.D., Robertson, M.P. and McConnachie, A.J. 2011. Ecological niche modelling
of an invasive alien plant and its potential biological control agents. South African Journal of
Botany, 77(1), 137-146.

Trowbridge, C.D. 1995. Establishment of the green alga Codium fragile ssp. tomentosoides on
New Zealand rocky shores, current distribution and invertebrate grazers. Journal of Ecology,
949-965.

Urban, A.J., Simelane, D.O., Retief, E., Heystek, F., Williams, H.E. and Madire L.G. 2011.
The invasive ’Lantana cacamara L.’ hybrid complex (Verbenaceae), a review of research into

it’s identify and biological control in South Africa. African Entomology, 19, 315-348.

Van Der Wal, J., Shoo, L.P., Graham, C. and Williams, S.E. 2009. Selecting psuedo-absence
data for presence-only distribution modeling, how far should you stray from what you know?
Ecology Modelling, 220, 589-594.

Van Driesche, R.G., Carruthers, R.1., Center, T., Hoddle, M.S., Hough-Goldstein, J., Morin,
L., Smith, L., Wagner, D.L., Blossey, B., Brancatini, V. and Casagrande, R. et al. 2010.
Classical biological control for the protection of natural ecosystems. Biological control, 54,
S2-S33.

Van Klinken, R.D., Morin, L., Sheppard, A. and Raghu, S. 2016. Experts know more than just
facts, eliciting functional understanding to help prioritise weed biological control
targets. Biological invasions, 18(10), 2853-2870.

Van Klinken, R.D. and Raghu, S. 2006. A scientific approach to agent selection. Australian
Journal of Entomology, 45(4), 253-258.

Van Klinken, R.D. and Edwards, O.R. 2002. Is host-specificity of weed biological control
agents likely to evolve rapidly following establishment? Ecology Letters, 5(4), 590-596.

van Noort, S. 2018. WaspWeb: Hymenoptera of the Afrotropical region. URL:

www.waspweb.org (accessed on: 20/01/2019).

108



van Wilgen, B.W. and Richardson, D.M. 2014. Challenges and trade-offs in the management
of invasive alien trees. Biological invasions, 16(3), 721-734.

van Wilgen, B.W., Forsyth, G.G., Le Maitre, D.C., Wannenburgh, A., Kotzé, J.D., Van den
Berg, E. and Henderson, L. 2012. An assessment of the effectiveness of a large, national-scale

invasive alien plant control strategy in South Africa. Biological Conservation, 148(1), 28-38.

van Wilgen, B.W., Dyer, C., Hoffmann, J.H., Ivey, P., Le Maitre, D.C., Moore, J.L.,
Richardson, D.M., Rouget, M., Wannenburgh, A. and Wilson, J.R. 2011. National-scale
strategic approaches for managing introduced plants, insights from Australian acacias in South
Africa. Diversity and Distributions, 17(5), 1060-1075.

van Wilgen, B.W., Richardson, D.M., Marais, C., Magadlela, D. and Le Maitre, D.C. 2001.
The economic consequences of alien plant invasions, examples of impacts and approaches for
sustainable management in South Africa. Environment, Development and Sustainability, 3,
145-168.

Van Wyk, E. and Van Wilgen, B.W. 2002. The cost of water hyacinth control in South Africa,
a case study of three options. African Journal of Aquatic Science, 27(2), 141-149.

Vellend, M., Harmon, L.J., Lockwood, J.L., Mayfield, M.M., Hughes, A.R., Wares, J.P. and
Sax, D.F. 2007. Effects of exotic species on evolutionary diversification. Trends in Ecology
and Evolution, 22(9), 481-488.

Veloz, S.D. 2009. Spatially auto correlated sampling falsely inflates measures of accuracy for

presence-only niche models. Journal of Biogeography, 36(12), 2290-2299.

Verma, P. and Majee, M. 2013. Seed germination and viability test in Tetrazolium (TZ)
assay. Bio-protocol, 3, p.e884.

Wang, R. and Wang, Y.Z. 2006. Invasion dynamics and potential spread of the invasive alien
plant species Ageratina adenophora (Asteraceae) in China. Diversity and Distributions, 12(4),
397-408.

Wapshere, A.J. 1989. A testing sequence for reducing rejection of potential biological control
agents for weeds. Annals of Applied Biology, 114(3), 515-526.

Wheeler, G.S., Kay, F.M., Vitorino, M.D., Manrique, V., Diaz, R. and Overholt, W.A. 2016.

Biological control of the invasive weed Schinus terebinthifolius (Brazilian Peppertree), A

109



review of the project with an update on the proposed agents. South Eastern Naturalist, 15(8),
15-34.

Wheeler, G.S., Massey, L.M. and Endries, M. 2001. The Brazilian peppertree drupe feeder
Megastigmus transvaalensis (Hymenoptera, Torymidae), Florida distribution and
impact. Biological Control, 22(2), 139-148.

Wild. H.1972. A Rhodesian botanical dictionary of African and English plant names. 2nd Ed.
Biegel, H.M. and Mavi, S. (Eds) National Herbarium, Department of research and special

services, Ministry of Agriculture, Harare: 232-233.

Williams, D.A., Muchugu, E., Overholt, W.A. and Cuda, J. P. 2007. Colonization patterns of
the invasive Brazilian peppertree, Schinus terebinthifolius, in Florida. Heredity, 98, 284-293.

Williams, D.A., Overholt, W.A., Cuda, J.P. and Hughes, C.R. 2005. Chloroplast and
microsatellite DNA diversities reveal the introduction history of Brazilian peppertree (Schinus
terebinthifolius) in Florida. Molecular Ecology, 14(12), 3643-3656.

Williams, D.A., Sternberg, L.D.S.L. and Hughes, C.R. 2002. Characterization of polymorphic
microsatellite loci in the invasive Brazilian peppertree, Schinus terebinthifolius. Molecular
ecology Notes, 2(3), 231-232.

Williamson, M. 1996. Biological invasions (15). Springer Science and Business Media.

Wolmarans, R., Robertson, M.P. and Van Rensburg, B.J. 2010. Predicting invasive alien plant
distributions, how geographical bias in occurrence records influences model

performance. Journal of Biogeography, 37(9), 1797-1810.

Yackulic, C.B., Chandler, R., Zipkin, E.F., Royle, J.A., Nichols, J.D., Campbell Grant, E.H.
and Veran, S. 2013. Presence-only modelling using MAXENT, when can we trust the
inferences? Methods in Ecology and Evolution, 4(3), 236-243.

Yeh, F.C. and Boyle, T. 1997. POPGENE version 1.2, Microsoft Windows-based software for

population genetics analysis. University of Alberta, Alberta, Canada.

Zachariades, C., Paterson, I.D., Strathie, L.W., Hill, M.P. and Van Wilgen, B.W. 2017.
Assessing the status of biological control as a management tool for suppression of invasive

alien plants in South Africa. Bothalia-African Biodiversity and Conservation, 47(2), 1-19.

110



Zachariades, C., Uyi, O.0., Dube, N., Strathie, L.W., Muir, D., Conlong, D.E. and Assefa, Y.
2016. Biological control of Chromolaena odorata, Pareuchaetes insulata spreads its wings.
In Proceedings of the Annual Congress-South African Sugar Technologists' Association (No.
89, 291-306). South African Sugar Technologists' Association.

Zaniewski, A.E., Lenmann, A. and Overton, J.M. 2002. Predicting species spatial distributions
using presence-only data, a case study of native New Zealand ferns. Ecological
modelling, 157(2-3), 261-280.

Zhu, L., Sun, O.J., Sang, W., Li, Z. and Ma, K. 2007. Predicting the spatial distribution of an
invasive plant species (Eupatorium adenophorum) in China. Landscape Ecology, 22(8), 1143-
1154,

111



