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Abstract

Numerous scientific investigations have demonstrated the destructive impact that exotic
species can have on ecosystem services beyond a specific threshold. There are many
explanations for why introduced plants are likely to be more successful outside their native
range. One such explanation is offered by the Enemy Release Hypothesis (ERH), which states
that plants automatically become superior competitors outside of their natural range due to
release from top-down stressors (herbivory, parasites, and diseases) that is evident in the
absence of their natural enemies. The underlying assumption of the ERH is that natural enemies
are important regulators of plant species populations, and that the pressures from these natural
enemies are felt more readily by native species compared to alien plants. Consequently, in the
absence of such pressures, the ERH assumes that exotic plants can allocate more resources

towards growth and reproduction, while effectively maintaining accumulated biomass.

Classical biological control has previously been cited as evidence for the enemy release
hypothesis. Therefore, the overarching aim and theme of this thesis was to investigate the role
of ERH on the invasiveness of Lagarosiphon major (Ridl.) Moss ex Wager (Hydrocharitaceae)
in New Zealand. Firstly, a literature search and a meta-analysis was used to synthesize existing
studies in order to test for general applicability of this hypothesis to aquatic plant invasions.
Furthermore, an empirical investigation was conducted in order to directly quantify enemy
release in L. major populations invaded areas of New Zealand. To achieve this, various plant
parameters of this plant, overall macrophyte and invertebrate diversity were measured and
compared between sites in the native range in South Africa and the invaded areas in New

Zealand.

Although the meta-analysis showed variable evidence for this hypothesis depending on various

modulating factors such as study type, plant growth form and measured parameters, for L.
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major, there was strong evidence of enemy release. The biogeographical comparisons showed
that L. major exhibited increased fitness in most of the invaded sites, marked by elevated
biomass accumulation, significantly higher shoot production, and the displacement of native
plant species. The observed fitness advantages were directly correlated to a decrease in
herbivory diversity and pressure upon the plant's introduction to New Zealand. Unlike the
native populations, which contend with the presence of at least four co-occurring herbivores,
including specialist herbivores, the invaded range had a substantially lower herbivore diversity,
with only Hygraula nitens Butler (Lepidoptera: Crambidae) syn. Nymphula nitens,

significantly damaging L. major.

These findings emphasize the importance of understanding invasion ecology and theories such
as ERH in order to advance aquatic plant management and also present valuable insights for
developing effective strategies to mitigate the impact of invasive alien species on aquatic
ecosystems. Specifically, results from the empirical investigation provide evidence in support
of the ERH and highlight the suitability of implementing biological control strategies to
manage the L. major invasion in New Zealand. Previous studies have shown the suitability of
two specialist herbivores, Hydrellia lagarosiphon Deeming (Diptera: Ephydridae), and

Polypedilum tuburcinatum Andersen (Diptera: Chironomidae), as potential biological control

agents. This control strategy presents a sustainable and ecologically responsible approach,
promoting coexistence between exotic plants and native species rather than displacement

through competitive exclusion.

With the apparent dominance of L. major at various New Zealand localities, the subsequent
objective of this thesis was to investigate the competitive interactions between L. major and
another invasive Hydrocharitaceae, Egeria densa Planchon, as driven by herbivory.
Combinations of two host specific Ephydrid flies, H. lagarosiphon and H. egeriae, were used

at eight different factorial combination of planting densities. The analysis of plant parameters
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and the application of inverse linear models revealed that L. major often exhibits relatively

higher fitness, especially in low monoculture treatments when the two insects were isolated.

However, multiple inverse linear models revealed that actual competitive outcomes are
dependent on factors such as initial plant density and herbivory regime, with competitive
interactions generally being mild. Nevertheless, the presence of H. lagarosiphon resulted in
facilitation of E. densa growth. Thus, even at lower densities, these insects still had an impact
on the observed interactions, further emphasizing suitability as damaging biological control

agents.

Lastly, focusing on the abiotic component of L. major invasion, Species Distribution Models
(SDMs) were employed to map potential suitable habitat for this species, as well as predict the
consequences of climate change on this. Correlative and mechanistic modelling was also used
to simulate suitable habitat for potential biological control agents, thus addressing the potential
for mismatches between host plant distribution and insect suitable range. The Maximum
Entropy Species Distribution Modelling (MaxEnt) algorithm revealed that more than 90% of
all freshwater ecosystems in New Zealand are susceptible to L. major invasion, with suitability
projected to expand further under future climate scenarios. Moreover, correlative modelling
using this method suggests limited suitable habitat for both herbivores. However, degree-day
modelling, which also takes into account the physiological requirements, showed that H.

lagarosiphon has the potential to produce viable populations in several parts of New Zealand.

Overall, this thesis explored the intricate web of biotic and abiotic factors influencing the
success of L. major outside its native range. The results emphasize the potential impacts of
climate change on the invasion potential and management strategies for L. major. The findings
also advocate for the implementation of sustainable and ecologically sound management

solutions, such as biological control, to manage this species.
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suitability. (A) Currently suitable area for H. lagarosiphon, (B) Future climate suitability for
H. lagarosiphon, (C) Current P. tuburcinatum suitability; (D) Future climate suitability for P.
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Figure 5.8: Binary map of climate suitability changes for (A) Hydrellia lagarosiphon and (B)
Polypedilum tuburcinatum. Grey= not suitable, green= currently suitable, and red= future
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Figure 5.9: Percentage contribution of each variable to the current model prediction for climate

suitability of (A) Hydrellia lagarosiphon and (B) Polypedilum tuburcinatum in South Africa.

Figure 5. 10: (A) Number of Hydrellia lagarosiphon generations per year and (B) Net
reproductive rate (Ro) per year estimated from Mangan & Baars (2013) reduced major axis

regression model and New Zealand temperature data for the past 10 years (2012-2020).....131
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Chapter 1: General introduction

Globalisation has played a very important role in connecting people and therefore ecosystems.
One of the negative consequences of this development is the spread of invasive species outside
of their natural range. Furthermore, climate change and habitat destruction put native
communities under even more stress while promoting further spread of the alien plant invaders.
According to Rahel & Olden (2008), global climate change and biological invasion are two of
the most prevalent features of the Anthropocene, and literature has shown how devastating the
effects of alien invasive species can be on both the environment and the economy (McGregor
& Gourlay, 2002; Van Ginkel, 2011; Hill & Coetzee, 2017). This problem of alien species
invasion is prevalent in both terrestrial and aquatic ecosystem (Zimmermann et al., 2004; Hill
& Coetzee, 2017). In both cases, native biodiversity tends to be under threat as the introduced
species are usually better adapted to take advantage of various environmental and land use
change (Vila et al.,, 2007). Thus, native species are usually outcompeted, leaving their

associated species vulnerable to predation and with no food sources (Sheldon & Creed, 1995).

1.1. Alien aquatic plant invasions

Aquatic pant invasions by exotic species have negative implications for both economic and
ecological systems (Clayton, 1996; Zimmermann et al., 2004; Cuthbert et al., 2021). Effects
may vary by growth form, or may be share between floating, emergent as well as submerged
species. For example, many Invasive Alien Aquatic Plants (IAAPs) alter the aquatic
environment by producing densa floating mats which block sunlight from penetrating the water,
reduce dissolved oxygen concentration in water through reductions in photosynthesis, resulting
in faunal die-off (Vila et al., 2011; Hill & Coetzee, 2017; Zhang et al., 2019). Sensitive species

such as mayflies are also unable to withstand the changes in water quality and chemistry as a
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result of these monospecific stands (Farooq et al., 2021; Xu et al., 2014). Similarly, high
densities of submerged macrophytes, such as those found in the family Hydrocharitaceae, also
form ideal habitats (slow-moving or still waters) for disease vectors like mosquitoes and
blackflies (Mereta et al., 2013). In addition, the different growth forms may block waterways,
clog irrigation systems, damage hydroelectric power infrastructures and reduce recreational
activities when occurring in high enough densities (Clayton, 1996; Van Ginkel, 2011; Zhang et
al., 2019). The negative effects of these plants increase as the plants become more abundant in

the invaded environment (Vila et al., 2011).

A notable example of how IAPs impact aquatic ecosystems is that of Lake Victoria in Uganda,
given by Wilson et al. (2007). Pontederia crassipes (formerly Eichhornia crassipes) Mart.
(Pontederiaceae), commonly known as water hyacinth, was first reported there in 1989. This is
the world’s second-largest freshwater lake, which provides people with hydropower and other
ecosystem services. By the mid-1990s, water hyacinth had covered up to 20 000 ha of the lake.
These densa floating mats had huge negative economic and ecological impacts in the
surrounding areas as they infested some 80% of the Ugandan shorelines. This weed was a huge
hindrance to socio-economic activities such as agriculture, lake transport, hydroelectric power
generation, and general water supply. Ultimately, this also affected trade routes in and out of

the ports, resulting in GDP losses for Kenya, Tanzania and Uganda which surround the lake.

Despite the previously noted negative impacts, it is important to note that in many other
situations, macrophytes form an important part of the aquatic environment as they provide many
ecosystem services, including improving water quality, facilitating nutrient cycling, and
providing habitat for other species (Madsen et al., 2000; Schultz et al. 2003). These benefits are
however mostly conferred when there is a diverse group of macrophytes occurring in
moderation in the system. The advantages are significantly reduced in mono-specific stands
typical of IAPs (Brown et al., 1988; Wells et al., 1997), and therefore resource managers need
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to be able to weigh the cost against the benefits of these plants.

Although it is often difficult to quantify in economic terms the full cost of these invasive alien
species (Pimentel et al., 2005), meaningful extrapolations can be made through quantifying
the cost of managing these plants (Diagne et al., 2020), as well as the cost of losing ecosystem
services that are usually offered by the affected aquatic ecosystems (Charles & Dukes, 2007;
Cutthbert et al., 2021; Maluleke et al., 2021). For example, an old estimation by Pimentel et al.
(2005) showed that the United States of America (USA) losses US$34 billion annually to
invasive alien plants, while around US$2.81 billion is lost in the British economy (Kelly et al.,
2013). When looking specifically at IAPs for example, the USA state of Florida spent an
estimated US$ 43 million between 1980 and 1991 on programmes aimed at controlling aquatic

weeds (Van Ginkel., 2011).

A more recent global cost analysis by Cuthbert et al. (2021) showed that the USA had the
highest cost related to managing IAPs, followed by Brazil, India and France. According to
Cuthbert et al. (2021), the InvaCost (Diagne et al., 2020) database used to conduct this analysis
had limited data for the African continent, and even for South Africa, despite the vast amount
of research into biological invasions in the country (EPPO, 2009; McConnachie et al., 2016;
Coetzee et al., 2021). For example, Van Ginkel (2011) estimated that US$ 1.65 million is spent
annually in the efforts of controlling the most noxious aquatic weed, water hyacinth in South

Africa.

In New Zealand, alien invasive weeds threaten about 7% of the region’s vulnerable flora,
corresponding to biodiversity loss of US$ 1.3 billion over a 10-year period (Williams &
Timmins, 2002). This region has seen more than 1500 exotic plant species become naturalised
over a period of about 150 years (Clayton, 1996). Approximately 10% of these are recognised

by the Department of Conservation as weeds or potentially weedy (Williams & Timmins,
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2002). According to Williams and Timmins (2002), Department of Conservation spends about
US$ 60 million annually on managing alien invasive weeds, while also losing a further US$

40 million per annum to invasions that affect the nation’s productivity.

With regards to IAPs specifically, there is currently no available overall cost estimation for
macrophyte control in New Zealand. However, according to Hudson & Harding (2004),
expenses are projected to reach tens of millions annually. As an illustration, the annual
expenses associated with controlling Ceratophyllum demersum L. (Ceratophyllaceae) in New
Zealand amounts to roughly US$ 3.3 million per year. Thus, although the figure reported in
this section may not look like big figures, the overall cost of not managing these invasions

would be even greater in the long run (Hussner et al., 2017; Cuthbert et al., 2021).

1.2.  Management options for biological plant invasions

Many countries have laws and regulation in place that mandate the control of invasive alien
species (Williams & Timmins, 2002; Genovesi et al., 2015). In South Africa these are the
NEMBA (2004) regulations, which classify exotic species into three categories according to
their invasive vigour and anticipated impact. The Department of Conservation in New Zealand
is actively involved in the developing and implementation of weed management legislation
such as the Biosecurity Act of 1993 (Williams & Timmins, 2002). Other key stakeholders
responsible for research and management of alien invasive weeds in New Zealand are
university scientists, and Crown Research Institutes (Landcare Research, Atmospheric

Research and National Institute of Water) (Williams & Timmins, 2002).

The main goal in managing alien species is to prevent their introduction in susceptible ranges.
However, when this fails, regions that have systems for early detection, rapid response and
prevention of further invasion are more likely to succeed in their quest for eradication

(Genovesi et al., 2010; Hussner et al., 2017). There are three main options that may be
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employed in managing AIPs, and these are mechanical/manual, chemical and biological control
(reviewed by Hussner et al., 2017). These management options may be used in isolation or in
combination though an integrated management plan, offering varying degrees of success based
on the invaded system and management goals (eradication, reduction, or containment). The
available choices may sometimes be limited due to legislative restrictions, e.g., biological
control in Europe (Sheppard et al., 2006), and the ban of various herbicides (Zehnsdorf et al.,

2015).

1.2.1. Mechanical and Chemical control

Considerable research has been conducted on the management of aquatic weeds across the
world (Hussner et al., 2017). Control measures were previously dominated by chemical and
mechanical means of removal (Room & Thomas, 1985; Cilliers, 1991). Most European
countries are still dependent on these two methods, and the most popular method being the use
of cutter boats for submerged macrophytes (Zehnsdorf et al., 2015). This is because the cut and
leave method (for biomass reduction) is considered cheaper than other control options
(Zehnsdorf et al., 2015). However, mechanical control of AIPs is usually labour intensive,
requires expensive heavy machinery, and is sometimes highly destructive. Inadequate cleaning

of harvest material may also result in the spread of these AIPs to other non-invaded systems.

In many cases, these methods do not offer a long-term solution as some roots, and seeds and
other reproductive propagules may remain in the system, allowing for regrowth (Howard-
Williams et al., 1996). The destructive nature of mechanical control is also a concern as even
small fragments left in the water may result in redistribution and recolonization (Chisholm,
2006). One way to mitigate against this is to install drift barriers in case of moving waters.

Outcomes of physical management programmes are highly variable, depending on the
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machinery used, plant growth form, habitat and the general condition of the target system

(Hussner et al., 2017).

The use of herbicides such as terbutryn, diquat, glyphosate and paraquat usually requires
extensive research, repeated applications and assistance from manual clearing (Cilliers et al.,
2003, Netherland, 2014; Hussner et al., 2017). The results of these programmes are usually
short lived, while the cost is typically high in terms of both the environment and the economy
(Chisholm, 2006; Malileke et al., 2021). Furthermore, chemical control creates an uninhabited
niche which is highly susceptible to even more invasions. The chemicals may be unable to
travel through the water column and reach the stems that are rooted in the soil, and this is even
more challenging when plants have formed thick intertwined mats (Mafokoane, 2007;
Chisholm, 2006).

A 2011 estimate showed that the annual cost of controlling Lagarosiphon major (Ridl.) Moss
ex Wager (Hydrocharitaceae) in New Zealand using chemical and mechanical control is
approximately US$ 1.5 million (Deloitte, 2011), while managing water hyacinth using
harvesters in Europe can cost up to US$ 5.56 million per infested site per year for 50,000 tons
of plant material (EPPO, 2009). It is important to note however that traditional methods do play
an important role for eradication during the earlier phase of invasion, in smaller systems, and
for reducing further spread, especially in cases where biological control is not suitable (Hussner
et al., 2017). For example, frequent manual removal of water hyacinth or similar free floating
growth forms using excavators may be enough for seasonal control, to reduce spread, or even
eradication in smaller systems (Laranjeira & Nadais, 2008). However, this method may not be
suitable for species that may be easily fragmented during removal, as this might facilitate

further spread.

Herbicide applications may sometimes be cost effective and have less negative environmental
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impact than mechanical control if product labels are followed (Netherland, 2014). For example,
in New Zealand, mechanical control programmes end up being five time more expensive than
chemical applications (Hussner et al., 2017). Repeated herbicide application increases the
prospect of eradication in some instances, but caution should be taken to avoid weed resistance
(Netherland, 2014). However, despite its proven effectiveness, chemical control in freshwater
systems faces heavy legislative restrictions due to the sensitivity of such systems to change. For
example, in Europe, only glyphosate is authorized for regular use on emergent aquatic species,

while there are no approved herbicides for submerged macrophytes (Hussner et al., 2017).

1.2.2. Biological control

Classical biological control is the use of introduced natural enemies of the problematic plant
for its control in order to re-establish the natural top-down control of the alien invasive weed.
This is based on the theory that herbivory plays an important role in controlling plant biomass
in its natural environment (Williamson & Griffiths, 1996; Keane & Crawley, 2002). Indeed,
Nachtrieb et al. (2011) found that direct herbivory is an important determinant of plant biomass

in the aquatic environment.

These enemies are referred to as biological control agents, consisting of a variety of macro-
invertebrates, mostly insects, as well as fungi and other pathogens (Cilliers, 1991). The
selection process involves rigorous specificity tests, and as a result, biological control agents
are usually highly specialised, in many cases only attacking one plant species (McClay &
Balciunas, 2005). In general, the agents work by reducing plant fitness through damaging plant
tissue, killing roots and reproductive parts such as seeds and flowers, and by reducing resource
allocation to growth and reproduction by putting pressure on plant defences (Cilliers, 1991).
As such, biological control is deemed one of the most effective and sustainable ways of

controlling invasive alien plants, with minimal to no risk of non-target effects.
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This type of invasive alien plant management strategy has been used successfully in 130
countries, with over 550 biological control agents having been released (Winston et al., 2014).
For example, McConnachie et al. (2003) found that the use of biological control agents in the
management of Azolla filiculoides L. (Salviniaceae) saves the country some US$ 589 per ha/yr.
Furthermore, a significant number of invasive alien floating macrophytes which are considered
among the worlds’ worst aquatic weeds have been successfully controlled in certain parts of
the world using classical biological control (Hill, 2003; McConnachie et al., 2014). For
example, a recent economic analysis by Maluleke et al. (2021) showed that the most
problematic aquatic weeds in South Africa were successfully managed using biological control

at a fraction of the price compared to chemical control.

Regardless of the successes highlighted above, biological control programmes still have some
risks associated with them, as with other alien invasive species management options. Examples
of these include non-target effects, such as host shift or expansion, and indirect effects from
changes in the food web (Hussner et al., 2017). As such, classical biological control has
received significant scrutiny over the years (Callaway & Maron, 2006). This close examination
of such programmes led to re-evaluation of safety measures during the assessment stages to

ensure that these risks are reduced (Callaway & Maron, 2006).

In its early stages, safety standards for biological control were mainly focused on minimizing
non-target effects on economic crops (Louda et al., 2003; Messing & Wright, 2006). However,
this has since shifted to also include a wide variety of native plants, regardless of perceived
value (Callaway & Maron, 2006; Messing & Wright, 2006). Thus, in the current landscape, no
unanticipated effects have been documented, as screening procedures for potential biological
control agents are optimised to predict and limit non-target effects for the whole ecosystem

(Willis et al., 2003; Hill & Coetzee, 2017).
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Besides host specificity testing, biological control programmes also have to show that the
release of a specific biological control agent is warranted, and such measures will contribute to
the control of the problematic weed. Thus, predicting the efficacy of an agent in the early stages
is another challenge that biological control practitioners have to contend with (Callaway &
Maron, 2006). Continuous assessment of the experimental design is also necessary to build on
the existing techniques, and thus contribute to the continued improvement of biological control

programmes and research.

Biological control programmes are not without limitations, as success of these programmes is
highly dependent on a variety of environmental factors. Hill & Olckers (2001) highlight some
of these factors for aquatic weed biological control. Firstly, they found that cold temperatures
increase the time taken to control the weed. This is mainly observed in winter when insects
become dormant and inactive (Coetzee et al., 2011). According to Hill & Olckers (2001) highly

eutrophic water-bodies may enable aquatic weeds to overcompensate for herbivory.

Biological control activity may also be interrupted by periodic removal of the weed, natural
enemy population fluctuations due to flooding and drought, interference from herbicide
applications, and mechanical removal of the weed (Cilliers, 1991; Center et al., 1999; Coetzee
et al., 2011). Furthermore, the biological control agents may require additional disturbance of
the mats by wind and wave action in order to increase mortality caused by feeding damage,
hence there may be less success in still waters (Hill & Olckers, 2001). In these instances,
successful control of aquatic weeds requires an integrated approach that is also sensitive to the

needs of the biological control agents (Van Ginkel, 2011).

1.2.3. Biological control of submerged invasive alien plants
Given the relative success biological control programmes have had in controlling floating

weeds (Maluleke et al., 2021), there has since been a different challenge of submerged alien
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invasive weeds within this field of study (Coetzee et al., 2011). A study by Strange et al. (2019)
found evidence for alternative stable states triggered by sudden increases in nutrient availability
due to plant decomposition as a result of biological control. These have previously received
less attention compared to other terrestrial and free-floating weeds, thus making biological

control of these submerged macrophytes a novel idea for the most part.

Submerged alien invasive macrophytes, such as those in the family Hydrocharitaceae (Egeria
densa Planchon, Elodea canadensis Michx, Hydrilla verticillata (L.f.) Royle and L. major)
present a significant threat to aquatic ecosystems, thus demanding more attention. These
species and many others have had biological control programmes initiated against them at
various stages (Schooler et al., 2006; Mangan & Baars, 2023). For example, H. verticillata is
a vigorous invader in the U.S.A. and so a biological control programme was deemed mandatory
(Buckingham & Bennett 1998). This species has received significantly more attention

compared to other alien invasive submerged macrophytes.

Two leaf-mining flies, Hydrellia pakistanae Deonier and Hyrellia balciunasi Bock (Diptera:
Ephydridae) and two weevils, Bagous affinis Hustache and Bagous hydrillae O'Brien
(Coleoptera: Curculionidae) have been released again H. verticillata in the U.S.A. As a result,
parts of that region have seen considerable control achieved by H. pakistanae (Grodowitz et
al., 2003). However, limitations such as extreme temperatures, parasitism and nitrogen content
of the host plants all restrict insect population and damage. Therefore, management of H.
verticillata is still largely dependent on chemical control in the U.S.A and elsewhere. In South
Africa, H. pakistanae together with B. hydrillae were also selected for evaluation in South
Africa on the basis of their establishment success and damage potential (Coetzee et al., 2011),
but were not released. Instead, Hydrellia purcelli Deeming was considered sufficiently host

specific for release in South Africa in 2015 (Coetzee et al., 2021).
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Another highly problematic submerged AIP that has an advanced biological control
programme in the USA is Myriophyllum spicatum L. (Haloragaceae). This is a more complex
case study, involving accidental introductions of control agents, the use of a native North
American weevil, Euhrychiopsis lecontei Dietz (Coleoptera: Curculionidae) as a biological
control agent, and classical biological control with an aquatic midge, Cricotopus
myriophylli Oliver (Diptera: Chironomidae) (Coetzee et al., 2011). Smith et al. (2019) also
successfully developed and released Hydrellia egeriae Rodrigues (Diptera: Ephydridae), a
biological control agent for the submerged E. demsa in South Africa. This was the first

successful implementation of a biological control agent for submerged weeds in the country.

The focal species of this study, L. major (Figure 1.1); commonly known as the African curly
leaved waterweed, African elodea or oxygen weed; is another example of a highly problematic
weed from the Hydrocharitaceae. This submerged perennial aquatic plant which originates
from southern Africa (Obermeyer, 1964) has become a problematic weed in New Zealand,
Ireland, UK, Australia and other European countries, probably introduced via aquarium trade
(Wells et al., 1997; Champion & Tanner, 2000; McGregor & Gourlay, 2002). The common
name of L. major, oxygen weed, has facilitated its spread because the aquarium industry often
recommended it due to its fast photosynthetic ability which results in the production of oxygen
(James et al., 1999). This plant is a vigorous invader in lentic freshwater systems and can
produce densa floating mats that readily colonise infested habitats up to 6 meters in clear waters

(Caffrey & Acevedo, 2007).

This species and a few other species in the family Hydrocharitaceae such as E. densa, E.
canadensis and H. verticillata are highly invasive exotic weeds in various part of the world
(McGregor & Gourlay, 2002; Schooler et al., 2006; Coetzee et al., 2011; Smith et al 2019).
Lagarosiphon major is very similar to Elodea sp. (Figure 1.1) and has even been confused with
Elodea crispa Hort. Ex Henkel in some instances (Caffrey & Acevedo, 2007). The main
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distinguishing feature of L. major from other Elodea species is its spiral alternate leaves (Figure
1.1). The existence of the Lagarosiphon genus as a whole has also been contested in the past
and was thought to be a species of Hydrilla. However, this was later verified to be a distinct

genus, and subsequently a number of Lagarosiphon species were described (Symoens & Triest,

1983).

HYDRILLA ELODEA EGERIA LAGAROSIPHON

FLOWERS
(bar shows approximate size)

PR B &b Bl

DRAWINGS TO SCALE

LEAF ARRANGEMENTS
(bar shows approximate length of leaf)

LAGAROSIPHON

Copyright 1980 University of Florida
Center for Aquatic and Invasive Plants

Figure 1.1: The structure of various Hydrocharitaceaes. Drawing from University of Florida,

Center for Aquatic Plants (1990).
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The leaves of L. major alternate and have tapered tips with small blunt unicellular spines on
the leaf margins (Bowmer et al., 1995). These leaves are curled downwards towards the stem,
with the top end of the crown having a densar cluster (Figure 1.1). The thick-walled epidermis
gives the leaves a firm structure (Symoens & Triest., 1983). Stem diameter ranges from 3-5
mm, and branches continually beneath the water surfaces, with more repeated branching at the
top resulting in the formation of densa mats of L. major (Caffrey & Acevedo, 2007). These
stems are firm but fragile, and as a result they break off easily when disturbed to aid in dispersal
Caffrey & Acevedo, 2007). Adventitious roots are produced at the nodes and grow laterally in
the water, taking up nutrients, while longer (up to 50 cm) and tougher roots anchor the plant to
the soil below (Bowmer et al., 1995). The plant produces inconspicuous male and female

flowers in its native range (Obermeyer, 1964).

In its native, L. major is mainly found in shallow, muddy, alkaline waters but is also able to
establish under most aquatic conditions in its invaded range (Baars et al., 2010; Martin et al.,
2013). For example, in New Zealand, this plant grows in deeper, oligotrophic and clear water
bodies (Wells et al., 1997; Caffrey & Acevedo, 2007). As a result, L. major displaces
indigenous macrophyte communities through light starvation, leading to the formation of densa
mono-specific stands of this invader (Clayton, 1996; James et al., 2006; Van Ginkel, 2011).
Although this plant is known to support high densities of macroinvertebrates (some 300% more
than other simple macrophytes) due to its structure (Kelly & Hawes, 2005), L. major has been
banned in many of the countries listed above due to its invasive vigour (Champion & Tanner,

2000; CHAH, 2020).

Lagarosiphon major has been studied extensively by Caffrey and Acevedo (2007) in Ireland.
The plant reached nuisance levels in Lough Corrib (Ireland’s second largest lake) in 2005, and
continued to grow, covering about 20% of the lake by 2007. This lake is of major ecological
importance in this region as it supports 14 habitats and also houses six species of importance.
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The local tourism economy also depends on the lake, as it is a popular angling destination for
tourists and local communities. Densa stands of L. major alter the invaded area by
accumulating sediment at the base of the plant, thus ensuring its survival even in oligotrophic
conditions as the trapped sediments become a good source of nutrients for L. major. These
densa stands also block light from penetrating the canopy, thereby displacing many of the
native species (Rattray et al., 1994; Champion & Tanner, 2000; Caffrey et al. 2010). Because
of these impacts, this species is part of the IJAAPs of European Union Concern (EU Regulation,

2016; Genovesi et al., 2015; Morrissey et al., 2020).

Inland Fisheries Ireland, together with other partner agencies have made several attempts to
control the spread of L. major in Lough Corrib, including chemical and mechanical measures
such as benthic barriers (Caffrey & Acevedo, 2007; Morrissey et al., 2020). Results from
Caffrey et al. (2010) show that biodegradable jute mats are able to kill L. major, while also
promoting recolonization by other submerged native species. A more recent report from
Morrissey et al. (2020) showed that management efforts from these agencies have been
successful at limiting further increases in infestations of this species within the lake, as well as
protecting the lower parts of the lake from invasion. Nevertheless, even though infestations
have reduced compared to levels from 2013, there has been an overall increase in distribution

of L. major on the lake (Morrissey et al., 2020).

New Zealand has also seen a similar trend in infestations of L. major in its water bodies both
in the North Island (Whakapipi stream and Lake Tawera) and South Island (Lake Wanaka and
Lake Dustan) (Wells et al., 1997; Champion & Tanner, 2000; McGregor & Gourlay, 2002).
According to Clayton (1996), L. major is one of the most problematic submerged aquatic weeds
in this region. Like Ireland, resource managers in New Zealand employ manual removal, as

well as herbicide application in the form of Diquat gel to control L. major (Chisholm, 2006).
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However, in both instances, these traditional methods of control have proved to be ineffective

and highly costly in the long run (McGregor & Gourlay, 2002; Hussner et al., 2017).

1.2.4. Natural enemies of Lagarosiphon major

Prompted by the challenges posed by L. major in Ireland and European waterbodies, and the
lack of information on natural enemies associated with this plant, Baars et al. (2010) conducted
a survey of natural enemies of L. major in South Africa in order to initiate a biological control
programme against this alien invasive weed. A short-term survey had previously been
conducted at two sites in the country and showed the presence of natural enemies (Schutz,
2008). The 2010 survey by Baars et al. was more detailed, and as such led to the discovery of
several phytophagous insects that were associated with this plant, including a stem mining fly,
a number of leaf-feeding lepidopterans (Nymphulinae), and two shoot-boring, leaf-feeding
Bagous sp. weevils (Curculionidae). One of the weevils had promising prospects but was
shelved due to unforeseen taxonomic challenges (Baars et al., 2010). Most of the discovered

insects were polyphagous, and so could not be studied any further. There were however two
species, a chironomid midge Polypedilum tuburcinatum Andersen (Diptera: Chironomidae),

and a leaf-mining fly, Hydrellia lagarosiphon Deeming (Diptera: Ephydridae), that were
prioritized for further study as possible biological control agents as they had promising

monophagous traits (Baars et al., 2010; Deeming, 2012).

Chironomid larvae such as those in the Polypedilum/Pentapedilum genus form an important
part of freshwater ecosystems (Armitage et al., 2012). The following section summarises the
biology of P. tuburcinatum (Figure 1.2) as given by Earle et al. (2013) and Anderson et al.
(2015). Mature females are usually able to lay one or two egg masses just 2-3 days after
eclosion. These egg masses are typically laid on top of the water column, and once emerged,

the hatchlings disperse in search of suitable plant material. The early instars enter the meristem
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of the shoots by feeding on the tip of actively growing shoots of L. major. This type of feeding
usually damages the infested shoot and stops its growth (Figure 1.2), thus inducing the
production of more side shoots that are also susceptible to further invasion by P. tuburcinatum
larvae (Earle et al., 2013). The larvae may make use of multiple shoots during their
development. Later instars tunnel down larger stems in preparation for the upcoming pupal
stages. The complete life cycle from egg to adult takes about 30-50 days in warmer

temperatures (~21°C) (Earle et al., 2013).

This is a very promising biological control agent for L. major as its mode of damage attacks
the shoots which are responsible for the plant’s nuisance status. Indeed, L. major is completely
dependent on the production of these shoots for growth and dispersal outside its native range
(Caffrey & Acevedo, 2007). As such, this chironomid has the potential to reduce these
structures by feeding on new growth, thus weakening the competitive edge of L. major over

other native plants (Mangan & Baars, 2016).

Figure 1.2: Various stages of Polypedilum tuburcinatum and tunnelling damage inflicted on

Lagarosiphon major. Extracted from Earle (2013).
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Hydrellia lagarosiphon (Figure 1.3) was shortlisted as a suitable biological control candidate
due to its wide distribution in its native range and the amount of damage it causes to L. major
(Baars et al., 2010). This species was also favoured because Hydrellia flies have previously
been used in biological control programmes against species in the Hydrocharitaceae in several
countries worldwide (Balciunas & Burrows, 1996; Wheeler & Center, 1996, Smith., 2019; see
also session 1.2.3 above). According to studies conducted by Martin et al. (2013) and more
recently, Mangan & Baars (2023), H. lagarosiphon seem to be a very promising biological

control agent for L. major.

The following section gives a summary of the biology of H. lagarosiphon as given by Martin
et al. (2013) and Baars et al. (2010). According to Martin et al. (2013), the biology of this fly
is typical of other species in this genus that feed on Hydrocharitaceae plant species. Like other
species in the Hydrellia genus, H. lagarosiphon lays its eggs singly or in small clusters on
protruding vegetation of L. major and the hatchlings commence feeding on the soft tissue on
the tip of the plant. The leaf-mining larvae then moves down the shoot to find slightly older

undamaged leaves.

The larvae of H. lagarosiphon are responsible for causing damage to L. major. This potential
biological control agent acts by feeding in-between the two epidermal layers which contain
photosynthetic tissue. This action leaves behind transparent leaves that are unable to
photosynthesize (Bownes, 2014; Weeks & Cuda, 2014). Each larva can feed on up to 50 leaves
per shoot, and damaged leaves are left vulnerable to infections. Pupation also occurs within the
leaf, taking around 14 days to complete. The emerging adults live just above the water surface,
making use of the emerging vegetation for their habitat. These insects do not fly long distances,

rather, they walk and fly-hop short distances on the water surface.
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According to Martin et al. (2013) and Baars et al. (2010), the average infestation of L. major
shoots by H. lagarosiphon was around 58% in the native range, but 100% infestations were
also recorded. Hydrellia lagarosiphon has been shown to reduce branching of L. major, thus
reducing its competitive edge over other submerged macrophytes (Martin et al., 2013). This
implies that this agent could reduce weed infestations in invaded areas if sufficient starting
densities of approximately 8 larvae per shoot are provided (Martin et al., 2013; Mangan &

Baars, 2013), and further augmentative releases are done (Smith et al., 2022).

It is however possible that even at lower densities, H. lagarosiphon could still benefit local
vegetation, by reducing L. major cover and thereby allowing native vegetation to regrow
(Martin et al., 2013). This shows that despite being parasitized by various braconid wasps
(Martin et al., 2018), H. lagarosiphon has the potential to be a valuable biological control agent
of L. major in invaded areas such as Ireland, Europe, and New Zealand (Baars et al., 2010).
Hydrellia lagarosiphon should be able to survive the cold temperatures in these temperate
regions as it was found in areas where winter temperatures often reached between -2 and +4
°C in its native range (Martin et al., 2013). This is the most common insect herbivore found on
L. major in the native range (South Africa), and previous studies show the ease with which the
agent could be mass reared for released (Martin et al., 2013; Mangan & Baars, 2013). Its
biology also makes it a good candidate for biological control because of its high reproductive

rate (Mangan et al., 2023).
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Figure 1.3: Various stages of Hydrellia lagarosiphon and damage inflicted on Lagarosiphon

major. Extracted from Baars et al. (2010).

1.3.  Aims and specific objectives

Biological control success has previously been cited as evidence for the enemy release
hypothesis (Sheldon & Creed, 1995; Williamson & Griffiths, 1996). Thus, the overarching aim
of this thesis was to investigate the Enemy Release Hypothesis (ERH) and its role on the
invasiveness of L. major in New Zealand. It is unknown whether the biomass of this exotic
weed in New Zealand exceeds typical values in the native range. Therefore, in order to achieve
this aim, this thesis will present chapters dealing with specific objectives. The current chapter
(Chapter 1) was used to present the rationale for the project by looking at existing literature
and identifying opportunities that need further study within the realm of the ERH. Having
achieved this, the following chapters deal with the gaps that have been identified, driven by

specific objective.
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Specifically, Chapter 2 used existing literature to investigate the general applicability of the
ERH in aquatic plants by means of a meta-analysis and systematic review. The key questions
that were answered in this section are as follows: (1) What is the overall strength of the
evidence of the ERH in aquatic plants? (2) What factors modulate the observed results?
Building on from the meta-analysis, Chapter 3 was used to conduct an empirical
biogeographical investigation of the ERH and aimed to answer the following questions: (1)
What typifies L. major sites in South Africa, and how does this relate to New Zealand? (2)
How does the presence of this plant affect other macrophyte and invertebrate communities in
each country? (3) Are there differences in reproductive output and biomass accumulation
between native and invaded range populations? And how does this relate to herbivore
abundance in each biogeographical region? This was done by measuring and comparing several
plant parameters (biomass, shoot production, and cover) between South Africa (native range)
where natural enemies of L. major are assumed to play a significant role in controlling the
abundance of this plant species, and New Zealand (invaded area), to establish if abundance of

L. major differs between the two regions.

It is also often assumed that alien invasive weeds are more abundant in their introduced range
(Strong, 1977; Williamson & Griftiths, 1996; Bréndle et al., 2008), but this is rarely quantified.
Such explicit comparisons are crucial for testing the hypothesis that an absence of natural
enemies facilitates weed invasion and yet quantitative studies are limited (Keane & Crawley,
2002; Hierro et al., 2005; Weyl & Coetzee, 2013). These data from the native range will also
be instrumental in predicting the levels of control that may be expected from the release of
biological control agents in New Zealand. This is because relative abundance of plant species
in native and exotic habitats is a key predictor of biological control impact (Paynter et al.,

2012).
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According to Hierro et al. (2005), only a fraction of introduced plant species actually benefit
from enemy release and become invasive. Therefore, the association of invertebrate with L.
major between native and invaded range is important to quantify, in order to make direct
correlation between plant damage and herbivore abundance. Thus, based on the ERH, because
L. major does not have any natural enemies in New Zealand and therefore does not have added
pressure to invest in plant defences, it should have significantly higher biomass, cover and rate

of reproduction compared to South Africa.

Given the complex nature of freshwater ecosystems, it is not surprising therefore that direct
benefit from enemy release does not universally explain the invasion ecology of many
macrophytes (Keane & Crawley, 2002; Coulatti et al., 2004; Heger & Jeschke, 2014). Other
biotic factors which determine species success include competitive vigour, mutualism, novel
weapons, allelopathy, phenotypic plasticity and propagule pressure (Heger & Jeschke, 2014;
Fleming & Dibble, 2015; Bolpagni, 2021). Therefore, after getting an overall understanding of
what factors drive biological invasions with regards to the ERH, Chapter 4 used Spitters (1983)
reciprocal-yield models to investigate the competitive ability of L. major against E. densa in
the presence and absence of biological control by two host-specific leaf mining flies. My
hypothesis for this experiment was that L. major will be a superior competitor to E. densa in
the absence of biological control due to its previously documented competitive dominance
against other similar macrophytes (Hofstra et al, 1999; Caffrey et al., 2010; Martin et al., 2014).
Introduction of biological control agents is expected to further reduce the competitive vigour
of E. densa compared to L. major due to the proven efficacy of H. egeriae as a biological

control agent of E. densa (Smith, 2021).

Having studied the biotic mechanisms of plant invasion, Chapter 5 then explored the abiotic
component of climate change on the future of L. major invasion in New Zealand by making
use of correlative climate modelling techniques. The chapter also combined this method with
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degree day modelling to predict potential biocontrol agent suitability. The study focussed on
desktop climate modelling to allow resource managers to predict changes in distribution of this
species, and its control agents, under future climate scenarios projected by the IPCC (2001).
Lastly, Chapter 6 provides a general discussion to link all the different concepts together,
looking at how the obtained result impact our understanding of the ERH and the management
implications thereof, specifically for biological control as a whole. The chapter also presents

avenues for future research by identifying limitations to the current study.

Overall, because two species of potential host-specific agents have been identified for the
control of L. major, the possibility of establishing a biological control programme for L. major
in New Zealand using H. lagarosiphon and P. tuburcinatum could reduce the impact of this
exotic weed. Due to their previous consideration as a biological control candidate for L. major
in Ireland (Baars et al., 2010; Deeming, 2012; Mangan & Baars, 2013), there is a lot of
information already available on the biology of these insects. And since there are no native
species in the Hydrocharitaceae in New Zealand (De Lange & Rolfe, 2010), risk of non-target
effects of introduced biological control agents is significantly reduced in this region.
Ultimately, the release of H. lagarosiphon and P. tuburcinatum if approved, will allow for a
more holistic and integrated management strategy in New Zealand, while also adding to the
body of knowledge on the ERH. And since L. major is one of the most costly submerged
invasive alien macrophytes to control in New Zealand (Clayton, 1996; McGregor & Gourlay,
2002; Deloitte, 2011) and elsewhere (Caffrey & Acevedo, 2007; Caffrey et al., 2010; Morrissey
et al., 2020), biological control has the potential to significantly reduce these costs in the long

run.
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Chapter 2: Meta-analysis and systematic review of the

Enemy Release Hypothesis as applied to aquatic plants.

2.1. Introduction

Understanding the factors that influence the success and distribution of species is an important
part of ecology. According to the Enemy Release Hypothesis (ERH), alien species may
experience a decrease in regulation by herbivores and other natural enemies when they are
introduced to a new region, mainly due to the absence of their highly specialised monophagous
natural enemies, which may allow a rapid increase in distribution and abundance (Williamson
& Griffiths, 1996; Keane & Crawley, 2002). This is because the alien species have not co-
evolve with the natural enemies in the new region, and as a result, those polyphagous natural
enemies may not be as effective at suppressing the exotic species' population growth (Strong,
1977; Bréandle et al., 2008). Therefore, the introduced species may have a competitive
advantage over native plants due to their reduced allocation of resources to defence and
increased allocation to growth and reproduction (Williamson & Griffiths, 1996; Zangerl &

Rutledge, 1996).

The ERH has been tested on a variety of systems and taxa (Roy et al., 2011; Prior & Hellmann,
2013; also see Chapter 3), including aquatic plants which are an important component of
freshwater ecosystems (Kwong et al., 2019; Petruzzella et al., 2020). However, there is still
some debate about the strength of the evidence for the ERH in aquatic plants. This hypothesis
is not universally supported by empirical evidence and may vary depending on the plant
species, the enemy type, the environmental context, and the spatial and temporal scale of the

study (Prior & Hellmann, 2013; Fleming & Dibble, 2015).
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While some studies have found support for the ERH (Knevel et al., 2004; Vila et al., 2005; Yan
et al, 2022), there are many others which have not (Serra et al., 2013; Steele et al., 2018; Zhang
et al, 2021). Therefore, there is a continuing need for a comprehensive and critical synthesis of
the existing literature on the ERH, especially in aquatic plants, to evaluate its validity,
generality, and applicability. This chapter aims to provide such a synthesis by conducting a
systematic review and meta-analysis of the various studies that have tested the ERH in aquatic

plants.

Meta-analysis involves the statistical synthesis of data from multiple independent studies,
allowing for quantitative assessment and generalization of patterns and trends (Gurevitch &
Hedges, 2001). These types of studies are abundant for terrestrial ecosystems, investigating a
variety of response variables, including growth rates, reproductive success, biomass, and
community-level metrics (Knevel et al., 2004; Vila et al., 2005; Fleming & Dibble 2015).
Invasive macrophytes tend to be included as an afterthought in these meta-analyses and as such,

there are not many recent stand-alone syntheses which exist in this regard.

This meta-analysis pooled the results of published studies to assess the overall strength of the
evidence for the ERH in aquatic plants with the following key objectives: [1] To quantify the
effect size of enemy release on various plant traits (e.g., biomass, growth rate, reproduction)
and compare it among different plant groups (e.g., submerged vs. emergent), and regions (e.g.,
native vs. invaded); [2] To identify the sources of heterogeneity and potential moderators of
the enemy release effect (e.g., plant functional traits, enemy diversity and specificity,

environmental factors).

This investigation will help to clarify the role of the ERH in the invasiveness of aquatic plants,
and this has significant implications for conservation and management efforts of these species.

For example, if introduced aquatic plants indeed experience enemy release, they may exhibit
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invasive behaviour and have detrimental impacts on native communities, potentially leading to
biodiversity loss and ecological disruption (Clayton, 1996; Mooney & Cleland, 2001; Van
Ginkel, 2011). Thus, reintroduction of specialised natural enemies, also known as biological
control, may form part of management avenues to be considered. Conversely, if the ERH is not
supported, this knowledge can inform strategies to control or mitigate the spread of alien
invasive aquatic plants, by helping to determine the relevance of biological control for example.
Additionally, the results of this study will contribute to our understanding of the mechanisms

that drive the invasion success of exotic aquatic plants.

2.2. Methods

2.2.1. Systematic literature search

In order to synthesize existing data in relation to the ERH in macrophyte communities, the
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) system was
followed (Figure 2.1), in conjunction with the PICO framework (Population: Aquatic

macrophytes Intervention: Invaded systems Comparison/Control group: Native species

Outcome: Plant parameters, e.g., abundance, coverer and biomass, abundance) (Page et al.,
2020). Using the framework, the following primary question was formulated: Do exotic plant

species in freshwater ecosystems have increased fitness compared to native species?

The following inclusion and exclusion criteria for the studies were established prior to
conducting the search: Inclusion criteria= [1] peer reviewed article; [2] Comparing enemy
pressure and/or aquatic plant traits between native and invaded regions or between invasive
and native plants within the same region; [3] Report quantitative data on enemy pressure (e.g.,
enemy abundance, damage, infection) and/or plant traits (e.g., biomass, growth rate,

reproduction, defence) that is easily extractable. Exclusion criteria= [1] Not terrestrial
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organisms or large herbivores, or vertebrates, or crops, or fish or agricultural. Studies were
excluded if they were not available in English or if they were review articles, book chapters,
or conference abstracts without sufficient original data. Duplicate studies and articles were also

excluded.

A literature search was initiated (17-21 June 2023) using Web of Science to find empirical
studies relating to ERH published between 2012-2023 to capture the most recent literature
without overwhelming the reviewer. The following key word combinations based on the
inclusion/exclusion criteria were used to filter through the available literature and ensure that

we capture all the possible synonyms: (invasi* OR invader OR alien OR exotic OR weed OR

non-native  OR introduced OR naturaliz) AND (native OR indigenous OR endemic)

AND (submerged OR freshwater OR aquatic OR macrophyte OR “submerged plant” OR

“aquatic plant” OR “freshwater plant” OR floating OR “floating plant” OR emergent OR

“emergent plant”) AND ("reproduc*" OR “leaf area” OR length OR hight OR shoots OR cover

OR growth OR abundance OR biomass OR competition) AND (“Enemy release" OR “native

range” OR biogeographic OR intercontinental OR invertebrate OR insect OR herbivore)

NOT (crop AND agric* AND terrestrial AND land AND vertebrates AND fish AND

marine)

This yielded 244 peer reviewed scientific papers available at the following website:

https://www.webofscience.com/wos/woscc/summary/68528c39-11d7-486a-a8c7-

759621edf51e-93t2b365/relevance/1 [last accessed in August 2023]. A quick read of the title

and abstract using the TclTk GUI (version 8.6) in R (version 4.3.1) (R Core Team, 2020) helped
to determine which articles were most relevant and appropriate based on highlighted keywords
from the previously stated inclusion and exclusion criteria (Figure 2.1). Inclusion was also

determined by availability and type of data reported in those studies. No reviews or meta-
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analyses were included in the data, but empirical studies cited in those articles were
incorporated when relevant. The full texts of 34 remaining articles were downloaded from
Google Scholar after the initial screening process and assessed for eligibility using the same
criteria before extracting the data. Furthermore, the snowballing method by described by
Lajeunesse (2013) was also used to retrieve additional studies that may have been missed, and

this was done by checking the reference lists of the screened articles for related material (Figure

2.1).
Identification of studies via databases and registers
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Figure 2.1: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (Page et
al., 2020).
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2.2.2. Data extraction and Meta-analysis

The following data were extracted from each eligible article: (1) study characteristics (study
system, plant species, plant growth form, stress type, region, climate); (2) methodological
details (study type, sample size, sampling period); (3) outcome data (mean and standard
deviation of enemy pressure and/or plant trait of invasive and native species in each treatment
group). Outcome data not reported in text or table format were extracted from plots using
WebPlotDigitizer (https://apps.automeris.io/wpd/). The full data set is available in Appendix

3.1.

The Standardized Mean Difference (SMD) was used as the effect size of enemy release on
plant traits. The SMD is defined as the difference in means between two groups divided by the
pooled standard deviation. A positive SMD indicates that invasive plants have higher trait
values or lower enemy pressure than native plants or that trait values are negatively correlated
with enemy pressure (support for ERH). A negative SMD indicates the opposite. Hedges’ d
was used as an unbiased estimator of the SMD as well as calculated the variance of the SMD.

Effect sizes were calculated based on the following operational definition and equation adopted

from Hedges’ d (Hedges 1981):

d= ((X1-Xo/ sp) x (N-3)/N-2.25))

Where d represents the effect size, X; and X> are the means of invasive and native species,
respectively, sp is the pooled standard deviation of both groups and N is the total sample size
of both groups. Each effect size was then multiplied by the following distribution bias

correction formula to weight the quality and reliability of the studies according to sample size:

J (bias)™ 1- (3 / (48 (l’l invasive T 11 native) '1)

Where n represents the sample size of each population.
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Multivariate meta-analysis in the metafor package (version 4.2.0) (Viechtbauer, 2010) was
used to perform random-effects meta-analysis in R (version 4.3.1) (R Core Team, 2020) to
account for potential heterogeneity among studies. First, an estimation of the overall effect size
of enemy release on plant traits across all studies was modelled. This is referred to as the grand-
mean in the results. Study ID was included as a random effect to account for multiple effect
sizes from the same study. The restricted maximum likelihood estimator was used to estimate
the between-study variance and assessed the heterogeneity of effect sizes using the Q statistic.
After running the model, the robust function was used to check and account for effect size

dependencies.

Egger’s test and funnel plot was used to test for publication bias, and it was found that there
was a significant deviation from a symmetrical data set (z = -3.820, P < 0.001). This means
that negative results were less likely to be published. The trim-and-fill method from metafor
package was used to correct the observed asymmetry (Whiting et al., 2016). A sensitivity
analysis was then conducted by re-running the meta-analysis with the trim-and-fill data and
comparing the results with the original data set. Furthermore, the Vevea & Hedges (1995)
weight-function model (weightr package) for publication bias was used to confirm results of
the Egger’s test. Upon model validation, forest plots were generated to visualize the effect sizes
and their confidence intervals. Subgroup analyses were conducted based on the following
factors or modulators to explore potential sources of heterogeneity: (1) growth form
(submerged/ emergent), (2) study type (observational/biogeographical/ experimental) and (3)
type of measurement (Defences, Consumption, Population, and Nutrient uptake). Differences

in all the collected plant parameters between these modulators were used to test the ERH.

29| Page



2.3. Results

2.3.1. Composition of studies synthesised.

A total of 284 (k) effects were extracted from 25 (n) studies, and the robust test showed that
the effects were sufficiently independent as the results were similar to the original model (see
appendix 3.2- 3.4 for which studies contributed most). Three influential effects from Serra et
al., (2013), Zhang et al., (2021), and Yan et al., (2022) were identified as outliers by the metafor
influence function (Figure 2.2). However, these were not removed from the study as there was
no real reason found within the raw data to exclude them (e.g, significantly larger sample size

relative to the rest of the studies).
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Figure 1.2: Cook’s distance showing influence of individual points on the overall model.

Outliers are shown in red.

Although there was significant evidence of funnel asymmetry (z= -3.820, P = 0.0001)
according to Egger’s test (Figure 2.3), comparison between the original grand-mean model and
trim-fill result showed that the original effect size estimate is relatively robust to potential
publication bias as adjusted estimate remained statistically insignificant, with confidence
intervals comparable to the original analysis. This suggests that the observed effect is likely to

be real and not solely driven by publication bias. This was further validated by the Vevea and
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Hedges (1995) weight-function model for publication bias which also showed no real concern

of publication bias (X?>= 0.447, P=0.504).
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Figure 2.3: Egger’s test of plot asymmetry testing for publication bias towards studies with

significant P values.

2.3.2. Overall effect

The observed outcomes ranged from -24.755 to 45. 024, with the majority of estimates being
negative (56%). This means that more than half of the extracted effects did not find evidence
for the ERH. The estimated grand-mean outcome 1=-0.530+0.645 (95% CI=-1.794 to 0.733).
However, there was no difference between native and invasive plants (z = -0.823, P = 0.411).
This means that overall, there was no evidence for or against the ERH. Nevertheless, according
to the Q-test, the true outcomes appear to be highly heterogeneous (Q (283)= 4909.885, P <
0.001). Therefore, although the grand mean was estimated to be negative, in some studies the
true outcome may in fact be positive, as the 95% CI overlap with zero (see figures below). The
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following sections investigated this heterogeneity further by looking at the various modulating

factors such as growth form, study type, etc.

2.3.3. Single Moderators

Overall, the analysis suggests that there were significant differences between authors in terms
of their findings on ERH (Q 5y = 168.611, P <0.001). For example, Yan et al. (2022) found
significant evidence for this hypothesis (z= 5.602, P <0.001), while 11 other studies also found
evidence, but these were not statistically significant (Figure 2.4). Furthermore, Serra et al.
(2013), Steele et al. (2018) and others found significant evidence against the hypothesis (Figure
2.4). For these studies, native plant fitness was higher relative to invasive plants. Nevertheless,
there was significant residual heterogeneity among authors (Q 259y = 4102, P < 0.001). The
following section investigated this heterogeneity further by looking at other possible

modulating factors for the observed results.
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Figure 2.4: Forest plot of outcomes grouped by author and coloured by type of study
conducted. Hedges g estimates +£95% CI. Numbers represent k=number of outcomes per

category.

With regards to the different species that were included in the selected ERH studies, although
there was a lot of variation between species, (Q 18y = 318.3961, P < 0.001), there was no
evidence of this hypothesis either. This is with the exception of Alternanthera philoxeroides
(Mart.) Griseb (Amaranthaceae), (z= 2.193, P =0.028), and possibly Pontederia crassipes
(formerly Eichhornia crassipes) Mart. (Pontederiaceae), (z= 1.902, P =0.057), which showed
significantly increased fitness outside their native range, or when compared to their native
counterparts. Most of the species had confidence intervals that overlap with 0, which is an
indication of no significant finding. On the other hand, Ceratophyllum demersum L.
(Ceratophyllaceae), Myriophyllum spicatum L. (Haloragaceae) and Salix fragilis L.

(Salicaceae) showed the opposite of what one would expect based on the hypothesis (Figure
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2.5), suggesting better fitness in the native range or against other invasive plants. The presence
of residual heterogeneity suggests that there is unexplained variability among the studies
beyond what the model accounts for (Q (265) = 4455.9237, P < 0.001), and this was explored

further in the following sections.
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Figure 2.5: Forest plot of outcomes by species and growth form. Hedges g estimates

+95%CI. Numbers represents k=number of outcomes per category.

There was a significant difference in outcomes with regards to the ERH between plant response
to treatment manipulation and no manipulation (control) (Q=31.790, P <0.001). In the absence
of a stress factor or no manipulation, there was no significant difference between native and
invasive plants as the Hedges g estimate confidence intervals overlap with zero (Figure 2.6).

However, the introduction of a stress factor (e.g., temperature increase, competitions,
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herbivory, etc.) during manipulative experimentation leads to better performance of invasive
macrophytes relative to their native counterparts (z= 5.638, P <0.001). Another model
investigating the potential interaction between manipulation type and growth form showed that
study outcomes varied according to growth form (Q ) = 41.4369, P < 0.001), however, the

individual estimates from this model were not statisticaly significant.
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Figure 2.6: Forest plot clustered by type of manipulation. Hedges g estimates +95% CI.

Numbers represents k=number of outcomes per category.

When looking at growth forms, there was no significant difference in outcomes observed
between submerged, floating and emergent macrophytes (Q (2) =2.494, P =0.287). However,
study outcomes varied according to the type of study conducted (Q 3)=10,930, P <0.001). For
biogiographical studies, there was very weak evidence of increased fitness outside of native
range, and the same was true for manipulative experiment designs (no real difference between

native and invasive plants) (Figure 2.7). Nevertheless, contrary to the ERH, observational
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studies within the invaded range showed that native species had significantly higher fitness
relative to their invader counterparts (z= -3.974, P ~ 0.001). Again, there was considerable
variation even within study types (Q (281) =4848.183, P < 0.001). A different model showed
that the interaction between plant growth form and study type did not provide enough

explanation for the observed variation either (Q () =12.870, P =0.1164).
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Figure 2.7: Forest plot clustered by study type. Hedges g estimates £95% CI. Numbers

represents k=number of outcomes per category.

Evidence for or against the ERH also varied according to plant fitness parameter reported (Q
5) =433.244, P <0.001), with measures of consumption being the only variables to provide
sufficient evidence for this hypothesis (z=2.480, P =0.013). This suggests that invasive species
were less vulnerable to herbivory and diseases compared to native species (Figure 2.8).
Nutrient competition measures (e.g. rate of nutrient uptake), growth parameters (RGR,

photosynthetic rate, plant height, etc.), as well as plant defence measures (C: N, lignin,
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phenolics, etc.) provided neutral outcomes (Figure 2.8). On the contrary, plant population level
measures (e.g. species richness, density, and abundance) showed that the presence of invasive

species is also linked to overall population diversity (z= -3. 085, p=0.002).
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Figure 2.8: Forest plot of outcomes according to plant fitness measure reported. Hedges g

estimates £95% CI. Numbers represents k=number of outcomes per category.

2.3.4. Multiple moderators

To account for the high variability within the above model for reporting parameters (Q (282)
=4903.561, p<0.001), a two-way interaction model was fitted. This model explored the
relationship between study type and reporting parameter (Figure 2.9) and found that there was
significant variation in reported plant parameter outcomes of studies in terms of the ERH based
on study type (Q (10) =511, 313, p<0.001). For example, biogeographical studies have no real

support for any of the parameters reported here. On the other hand, defence parameters for both
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observational and experimental studies tend to go against the hypothesis, showing that native
rather than invasive macrophytes have higher fitness in the natural environment. This is shown

by the negative estimate with 95% Cls that do not overlap with zero (Figure 2.9).
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Figure 2.9: Forest plot of plant fitness measure outcomes according to study type. Hedges g

estimates £95% CI. Numbers represents k=number of outcomes per category.

The potential relationship between reporting parameter and growth form also plays an
important role in modulating study outcomes in terms of the ERH (Q (1)=523.202, P <0.001).
Here, it is evident that only submerged macrophytes are less vulnerable to consumption relative
to native plants (z=2.795, P =0.005), providing evidence for the hypothesis. In terms of floating
plants, there is no real indication that invasive macrophytes in this growth form perform better

or worse than their native counterparts or outside of their native range. This is because the
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available estimates within this group all overlap with zero in terms of the 95% CI (Figure 2.10).
Nevertheless, the negative estimates for defence parameters in submerged plants (z=-2.142, P
=0.032), and population level estimates for emergent macrophytes (z= -3.228, P =0.001)
indicated that for these groups, the ERH does not hold true (Figure 2.10). Rather, it is the native
submerged species that have fewer defences than invasive conspecifics, as well as increased

species richness in invaded areas.
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Figure 2.10: Forest plot of plant fitness measure outcomes according to plant growth form.

Hedges g estimates £95% CI. Numbers represents k=number of outcomes per category.
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2.4. Discussion

The aim of this study was to use existing literature to investigate the applicability of the ERH
within invaded aquatic plant communities. The results reported here attempted to identify and
dissect the intricate interplay of variables that modulate observed study outcomes in relation to
this hypothesis. By examining diverse growth forms, assessing multiple fitness parameters,
considering the influence of stressors, and scrutinizing different study methodologies, this
study provided a comprehensive overview of the contextual complexities for the evidence

supporting the ERH.

Combining the outcomes from all the studies included here provided no meaningful
information with regards to the ERH. This is because even though the overall outcome was
negative [no evidence for the hypothesis], there was very high variability between the captured
outcomes. This variation can be attributed to diverse factors such as differences in experimental
design, ecological context, and inherent variation in ecological systems. This aligns with
previous studies that have shown the complexity of applicability and evidence for this

hypothesis (Keane and Crawley, 2002; Coulatti et al., 2004; Fleming & Dibble, 2015).

Further investigation of the many possible modulating factors provided valuable information
and interesting trends. Firstly, as expected, there was much variation between studies and
between the different species, with most systems exhibiting neutral outcomes. This was further
broken down into manipulative vs non-manipulative studies. Here, there was significant
evidence of the ERH in manipulative experiments. This change in ecological dynamics under
specific stressors highlights the dynamic nature of ecological interactions and the critical role
of stressors in shaping these interactions (Vitousek, 1990). Manipulation of stressors like
temperature increases, competition, and herbivory can alter species interactions, favouring

invasive species under specific conditions (Ricciardi et al., 2013; Denley et al., 2019).
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Differentiating between study types was an important step in this investigation as different
studies provide distinct insights into ecological interactions (Colautti et al., 2004).
Biogeographical studies, for instance, consider historical factors and evolutionary dynamics
(Keane and Crawley, 2002, Silveira et al., 2018; Kwong et al., 2019), whereas manipulative
experiments allow controlled exploration of mechanisms (Mozdzer et al., 2010; Gufu et al.,
2018). Observational studies, on the other hand, capture the complexity of natural interactions

in situ (Serra et al., 2013; Fleming & Dibble, 2015; Redekop et al., 2018).

Results from this study showed that experimental designs and biogeographical studies provided
only marginal support for the ERH, whereas outcomes from observational studies significantly
deviated from assumptions of this hypothesis. Here, native species appear to be doing better
than invasive conspecifics. One explanation for this could be that native species which are
better adapted to the local resource competition and defence dynamics, may perform better in
the presence of invasive species, which tend to downregulate defence mechanisms in new
environment in support of growth (Callaway & Ridenour, 2004; Hejda et al., 2009). This is
especially true when there is a dominance of generalist herbivores within the invaded

landscape.

The consideration of varied outcomes according to plant parameter reported revealed
consumption parameter outcomes that were in agreement with this hypothesis, while
population level parameters went against the assumptions of this framework. The observed
trend of increased community fitness in invaded areas challenges the assumptions of reduced
population diversity due to competition from these supposedly superior invaders. These
findings resonate with studies that show that invasions can create novel niches, benefiting both

native and invasive species (Denley et al., 2019; Zhang et a., 2021).
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The complexity of ecological factors in real world scenarios such as competition, resource
availability, and biotic interactions as seen here can lead to outcomes that diverge from
theoretical expectations such as those of the ERH. Therefore, there is a need to explore other
mechanisms that may interact with or override the ERH in aquatic plants, such as competition,
mutualism, evolution of increased competitive ability, novel weapons, allelopathy, phenotypic
plasticity, propagule pressure, and climate suitability (Fleming & Dibble, 2015; Bolpagni,
2021). Although the ERH is still a useful way to think about invasive species, it is a very broad
and imprecise hypothesis (Colatutti et al., 2004). As a result, Heger & Jeschke (2014) argue
that this should rather be looked at as a hierarchy of hypotheses consisting of more specific and

testable sub-hypotheses.

The initial search was only conducted in one database and did not include grey literature. It is
possible that the information contained in grey literature might provide meaningful results, but
this was outside of the scope of this investigation. Secondly, article screening and data
extraction for the meta-analysis was conducted by a single person. Usually, data collection for
these types of studies are conducted by at least two or three people to reduce human error
(Lajeunesse, 2013). To account for this, the screening process occurred twice to ensure that all

relevant articles were captured.

There were also limitations with regards to data availability and comparability between studies.
Thus, to convert to a common currency, means and SD of 6 out of 7 outcomes extracted from
Silveira et al. (2018) had to be estimated or computed from median and interquartile range with
the assumption of normality (multiplied by 0.741). For Kwong et al. (2017) and Kwong et al.
(2019), SD was computed from Standard Error of Difference (SED) with the assumption that
the two groups being compared have equal variances. For Gillard et al. (2021), the SD was
computed from the 95% CI with an assumed critical value of 1.96 which corresponds to the
standard normal distribution's value at the 97.5th percentile (Lajeunesse, 2013). And lastly, for
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Mozdzer et al. (2010), two outcomes were computed by converting mean + 1 SE to mean + SD

by assuming a symmetric distribution of the confidence interval.

Another possible shortfall of this meta-analysis is that leaf nitrogen (N) content was categorised
as a growth and not defence indicator. Although nitrogen plays a crucial role in both the growth
and defence of plants (Callaway & Ridenour, 2004), this was an important distinction to make
for this study in order to successfully investigate the ERH. Thus, increased N in invasive
macrophytes was interpreted as evidence for this hypothesis. However, this might not hold true
in all situations as N is also an important contributor to nitrogen-based defences (Mur et al.,
2017), which would then mean a different outcome in terms of the ERH which assumes reduced

defences in exotic ecosystems (Williamson & Griffiths, 1996; Zangerl & Rutledge, 1996).

Lastly, various scholars have suggested that the enemy release should primarily be studied at a
biogeographical scale (Keane & Crawley, 2002; Colautti et al., 2004; Fleming & Dibble, 2015).
Nevertheless, these types of empirical studies making direct comparisons of specific species in
native and invaded range which meet the criteria of this study were limited (n=5). As a result,
observational (n=5) as well as experimental studies (n=15) were included if they made
comparisons between specific native and invasive species with similar life histories. Due to
this biogeographical data limitation, statistical power to make concrete conclusions about the
available evidence for ERH in aquatic plant systems is limited. Thus, more empirical studies
investigating ERH at this level in these types of ecosystems is needed. The following chapter
will therefore conduct such a comparison for Lagarosiphon major (Ridl.) Moss ex Wager

(Hydrocharitaceae), which is the focal species of this thesis.

Overall, there was no real evidence that escape from natural enemies confers an advantage to
aquatic invasive species as studies were highly variable, with different study designs, plant

growth forms and plant parameter measurements. However, further investigation of modulators
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revealed a complex patten of interactions that cannot be solely explained by the ERH. Although
there was empirical support under specific conditions, it is not a universal or consistent
mechanism to explain the success of invasive aquatic plants. Nevertheless, managers can still
use the results from this synthesis to inform their decisions on the prevention, detection, and
control of invasive aquatic plants, taking into account the context-specificity and uncertainty
of the ERH and its implications for ecosystem functioning. For example, plants in disturbed
ecosystems such as those with high rates of eutrophication were shown to benefit more from
enemy release, and therefore managers can use this evidence to argue for biological control in
such scenarios. Furthermore, the encountered limitations outlined above highlight a still limited

database, requiring more empirical studies in these systems.

2.5. Appendices

Appendix 2.1: QR code to complete data set of effect sizes extracted.
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Appendix 2.2: Biogeographical outcomes extracted from each author.
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Appendix 2.3: Observational outcomes extracted from each author.
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Appendix 2.4: Experimental outcomes extracted from each author.
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Chapter 3: Biogeographical evidence of Enemy Release in

Lagarosiphon major

3.1. Introduction

Increased international travel has led to an increase in biological invasions (Long, 2003; Rahel
& Olden, 2008). However, during the initial phase, there is no definite way to tell whether an
introduced species will become invasive or not. This is with the exception of known exotic
species that have a track record of being successful invaders elsewhere, or in the case of well-
studied species with easily predictable growth models (Hussner et al., 2017). Indeed, the
majority of exotic species that do survive outside of their native range end up with marginal
populations within the new habitats due to a variety of environmental constraints and biotic
interactions that limit their expansion (Alpert et al. 2000; Hierro et al., 2005). However, there
are a few that are able to overcome these constraints and become highly invasive and
problematic, both ecologically and financially (McGregor & Gourlay, 2002; Zimmermann et

al., 2004; Hill & Coetzee, 2017).

For example, around 10% of exotic species are considered potential invaders or actual weeds
in New Zealand (Williams & Timmins, 2002). Furthermore, exotic species in North America
make up about 21% of the flora, with only 2% successful invaders (Rejmanek, 2000). Although
these percentages may seem low, those that are successful invaders often cause a lot of damage
(Clayton, 1996; Van Ginkel, 2011). Lagarosiphon major (Ridl.) Moss ex Wager
(Hydrocharitaceae) in New Zealand is a highly successful and problematic invader, costing the
country close to USS$ 1.5 million yearly (Deloitte, 2011 via Soliman & Inglis, 2018). Similarly,
the limited number of alien aquatic plants such as water hyacinth [Pontederia crassipes

(formerly Eichhornia crassipes) Mart. (Pontederiaceae] and giant salvinia [Salvinia molesta D.
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Mitch. (Salviniaceae)] that invade the South African waterbodies are responsible for the loss
of many ecosystem services, and millions of Dollars lost in trying to control them

(McConnachie et al., 2016; Hill & Coetzee, 2017).

Ecologists put forward a number of theories and hypotheses to explain why some species
become invasive, while others do not. According to Alpert et al. (2000), the invasiveness of an
exotic species is determined by a combination of its traits and the local abiotic factors of the
new environment, which interact to successfully regulate or not regulate excessive growth. In
addition to habitat quality, there are many other explanations for why alien invasive plants are
likely to be more successful outside their native range (Fleming & Dibble, 2015). One such
explanation is offered by the Enemy Release Hypothesis (ERH) which states that plants tend
to become superior competitors outside of their natural range due to release from top-down
stressors (herbivory and disease) that is evident in the absence of their natural enemies
(Williamson & Griffiths, 1996). This is because unlike their native counterparts, the exotic
plant invaders experience reduced regulatory pressure from their natural enemies and are

therefore able to spread and reproduce more rapidly (Keane & Crawley, 2002) (Figure 3.1).

The underlying assumption of the ERH is that natural enemies are important regulators of plant
species populations, and that the pressures from these natural enemies are felt more readily by
the native species compared to alien plants (Keane & Crawley, 2002). In the absence of such
pressures, the exotic plants are able to redirect more resources towards growth and reproduction
while also successfully keeping the accumulated biomass (Fleming & Dibble, 2015). This

ultimately leads to increased competitive ability (Figure 3.1).
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Figure 3.1: Simplified visual representation of the Enemy Release Hypothesis.

Classical biological control practitioners use this hypothesis as a basis for their approach in
controlling invasive species (Keane & Crawley, 2002). Specifically, this is where host specific
natural enemies such as insects and fungi are re-introduced to the target plant which is usually
causing damage outside of its native range (Cilliers, 1991). This method of controlling
biological invasion has proven to be effective in many instances (Hill 2003; McConnachie et
al., 2014; Winston et al., 2014; Maluleke et al., 2021), and those successes are often cited as
further evidence for the ERH (Sheldon & Creed, 1995; Williamson & Griffiths, 1996; Colautti

et al., 2004; Liu & Stiling, 2006).

This hypothesis has also been rigorously tested in a variety of ecosystems and on several
taxonomic groups (Roy et al., 2011; Prior & Hellmann, 2013), with varied levels of support
depending on the environmental context, plant species, enemy type and spatial and temporal
scale of the study (Fleming & Dibble, 2015, Chapter 2). For example, Kwong et al. (2017)
conducted a biogeographical comparison of Sagittaria platyphylla (Engelm.) J.G. Sm
(Alismataceae) in the native United States of America, and two introduced ranges in Australia

and South Africa. Kwong et al. (2017; 2019) found that introduced populations were 40% and
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50% more successful at reproduction, and experience reduced levels of herbivory compared to
native populations, which they concluded was support of the ERH. However, all other plant

parameters measured in that study where not consistent with the assumptions of this hypothesis.

Observational studies making such comparisons with native and invasive species at a landscape
scale or at an ecosystem level such as those reported by Canavan et al. (2019) found that
herbivore pressure was not different between two native Poaceae, Phragmites australis Trin.
ex Steud and Phragmites mauritianus Kunth compared to the closely related alien invasive
Arundo donax L. (Poaceae). Thus, there was no real evidence of enemy release in this case
study. Lastly, with regards to manipulative techniques, Grutters et al., (2016) showed that the
generalist moth Parapoynx stratiotata L. (Lepidoptera: Crambidae) does not discriminate
between various native and invasive macrophytes in controlled mesocosms. Therefore, the
success of these invasive plants may not be explained by the ERH. However, in the same
breath, it is highly probable that under natural conditions, the native plants are also subject to

specific herbivore pressures, aligning with the principles of the enemy release hypothesis.

Having seen the variability in applicability, Chapter 2 provided a meta-analysis in order to test
for overall strength of the evidence for the ERH in macrophyte communities. That chapter also
discussed the advantages of studying this hypothesis using both mesocosm level comparisons,
as well as biogeographical evaluations. From the meta-analysis, it was evident that
experimental studies are more common, while biogeographical comparisons are lacking
(Chapter 2). This is probably due to the logistical challenges involved in conducting a study at
this scale. However, according to Keane and Crawley (2002), investigations at these levels
hold more weight in terms of providing evidence for the ERH as they provide a direct
comparison of the same species in its native as well as invaded range. Therefore, the current

chapter aims to contribute to this body of knowledge, in order to ensure that biogeographical
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studies feature more equally in future meta-analyses of this very important ecological

hypothesis.

3.1.1 Enemy release hypothesis case study: Lagarosiphon major in New Zealand

Lagarosiphon major has a suite of natural enemies in its native range (Schutz, 2008; Baars et
al., 2010); also see review in Chapter 1). However, this is presumed to not to be the case in
areas such as New Zealand and Ireland where this plant has been introduced (Caffrey &
Acevedo, 2007). Indeed, phytophagous insect diversity of any plant is determined by the
evolutionary history of the plant in any specific region (Strong, 1977; Brindle et al., 2008;
Weyl & Coetzee, 2013). Thus, L. major is a major nuisance in these regions of the world, and
this is possibly due to the absence of its natural enemies. According to the ‘Time-spent
Hypothesis’ the longer a plant species is in a region, the more natural enemies it is likely to
accumulate, and in the case of a range expansion, existing phytophagous insects may attempt
to transfer to the new species (Strong, 1977; Brindle et al., 2008; Weyl & Coetzee, 2013). This
is usually a very slow evolutionary process, but given enough time, the new plant will

eventually attract an asymptomatic number of natural enemies (Thompson, 1999).

Due to the slow nature of this process, natural resource managers are usually tasked with
controlling invasive weeds such as L. major to avoid the many implications of having mono-
specific stands of this plant. Using traditional methods of control such as chemical and
mechanical control has proven to be challenging due to the life history of this plant (Deloitte,
2011). Lagarosiphon major is a submerged aquatic plant that is able to reproduce via vegetative
propagation from even small fragments (Caffrey & Acevedo, 2007). Therefore, it is a poor
candidate for herbicide application, and biological control might be more appropriate. This is
a process which attempts to accelerate the ‘time-spent hypothesis’ by reintroducing specialist

natural enemies to the plant (Cilliers, 1991).
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The need to find alternative ways to control L. major also presents an opportunity to actively
study the ERH in the process of developing a biological control programme for New Zealand.
This was done by comparing various biological parameters of this plant between South Africa
(native range) and New Zealand, where L. major is assumed to have escaped the top-down
control from its natural enemies that are present in the native range. My hypothesis is that L.
major has fewer natural enemies attacking it in the invaded range (New Zealand) compared to
its native range (SA). Therefore, we also expect to find more L. major biomass, overall cover

and therefore less plant biodiversity in the invaded areas due to competition.

3.2. Materials and methods

3.2.1. Study sites

The climate in New Zealand is typical of a temperate region, with warm temperatures and
moderate rainfall. Due to its biogeographical isolation, most of the flora in New Zealand is
endemic to the region (Williams & Timmins, 2002). However, due to the rise in globalisation,
there is now also as many exotic species as there is native flora (Clayton, 1996; Williams &
Timmins, 2002). There is a diversity of aquatic ecosystems, ranging from rivers, pristine lakes
and dams, from relatively small to very large. Surveys were conducted in water bodies
throughout the introduced range (North and South Island), ensuring that the full range of
climates, water types and quality that L. major has colonised in New Zealand are represented

(Figure 3.2; Plate 3.1).
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Figure 3.2: Distribution of Lagarosiphon major in New Zealand. Data extracted from GBIF.

Sites sampled for this study are highlighted in blue (7 localities).
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Plate 3.1: Various aquatic ecosystems with Lagarosiphon major in New Zealand representing

a typical site in the invaded range.

In South Africa, study sites were primarily located in the temperate regions of the Eastern Cape
Province and high-altitude sites in Kwa-Zulu Natal and Mpumalanga (Figure 3.3; Plate 3.2),
which are climatically matched to New Zealand. Surveys were conducted in summer of 2020-
2023 in both countries to account for potential temporal variation in herbivore activity and
plant growth. Data were collected from a minimum of three infested sites in each of the South
African regions mentioned above to ensure that all key associations and trends were detected
across a climatic range as well as temporal range (Figure 3.3; Plate 3.2). Thus, nine localities

were sampled in the native range and seven sites were visited in New Zealand.
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Figure 3.3: Distribution of Lagarosiphon major in South Africa. Data extracted from GBIF.

Sites sampled for this study are highlighted in blue (9 localities across three provinces).
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Plate 3.2: Various farm dams with Lagarosiphon major in South Africa representing a typical

site in the native range.

3.2.2. Sampling protocol

Upon arrival at any site, physicochemical parameters such as water temperature (°C), pH, and
total dissolved solids (TDS) (ppm) were taken using a hand-held multi-meter probe (Hanna HI
98130). Dissolved Oxygen (mg/l) was also recorded using a Sper Scientific Pen Meter. Depth
at site (cm), and turbidity (using a Secchi disc) (%), coordinates, and fixed-point photographs
were also taken. Furthermore, three water (250 ml) samples were collected for Phosphorus

(mg/l), Ammonia (mg/1), and Nitrate (mg/l) analysis in the laboratory. These were preserved
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in a frozen state to minimize nutrient breakdown until they underwent analysis. The analysis
involved the use of ion-selective electrodes designed for ammonia (NHs+) (NH4-BTA), nitrates
(NOs3-) (NO3-BTA) and phosphate (PO4") (PO4*-BTA) which were connected to a

LabQuest®?2 digital interface (also from Vernier, order code LABQ?2).

An estimation of the overall percentage cover of aquatic vegetation by species was recorded at
each site using the following criterion: 1 = sparse (1-10% cover); 2 = low (11-25%); 3 =
moderate (26 — 50%); 4 = high (51- 75%); 5 = very high (76 - 100%). A closer assessment of
plant cover was made using five quadrats (1 m?) within a 5 m? plot to estimate cover and shoot
production of L. major and any other submerged macrophytes within the defined area. This
was done by wading in depths of up to 1.5 m for closer inspection, with exact depth recorded
for each quadrat. These data were also used to determine species richness/diversity in the

defined area.

Field sampling to establish ecological networks was conducted using a sampling approach
developed by Weyl and Coetzee (2013). This method has been proven to be highly effective in
determining plant biomass and insect associations for submerged aquatic plants. These
ecological networks will help predict the level of biotic resistance that can be expected and any
other impacts on the ecosystem that will result from the release of biological control agents.
The Howard-Williams and Longman sampler (hereafter the ‘crank’ sampler) was used
specifically to quantify plant biomass (kg) within a 25 X 25 cm quadrat (as described by Weyl
& Coetzee, 2013), replicated three times at each site. One full rotation (360°) sufficient for the

blades to cut the plants from the base and wrap around the sampler was used.

The collected material was placed immediately in a 20 L bucket with water enough to submerge
the plants and shaken forcefully to dislodge any mud as well as other macrophytes present. The

resulting wet biomass was weighed immediately, and from each of the replicates of the crank
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sampler, up to 1 kg plant material was collected and brought back to the laboratory for
processing through a Berlese funnel to collect and identify invertebrates that were possibly
associated with L. major. In this setup, plants were placed in the funnels and subjected to a
gradual drying process using the heat generated by light bulbs. This process encouraged insects
to move into a collection cup at the bottom, which underwent daily inspections. The emerging
functional feeding groups were identified using a dissecting microscope and classified into the

following categories: Dominant >10, Frequent > 5, Occasional >3, Rare < 3.

Furthermore, 20 shoot tips, 20 cm long, were randomly collected from the weed mat. These
were examined for larvae, pupae, and insect damage in the laboratory using a dissecting
microscope. Insect damage was scored according to the following criteria: (1 = <5%, 2 = 5-
25%, 3 =25-50%, 4 = 50-75%, 5=75%-100%) relative to undamaged shoots in those selected
sites. All collected plant samples were kept in the dark, below 5 °C using ice tubes for no more

than three days before processing.

3.2.3. Data analysis

Abiotic parameters were analysed using the princomp function in R v 4.3.1 (R Core Team,
2023) to run a Principal Component Analysis (PCA) using the correlation matrix. This helped
reduce the dimensionality of the data in order to identify the main sources of variation in L.
major sites for both the native as well as the invaded region. This function also scales the data
to ensure that the PCA results are not biased by variables with large values. The Autoplot
function in R was then used to visualize the PC scores and loadings for the different variables.
Furthermore, a Mann-Whitney U-test was used for the comparison of phosphorus, ammonia,

and nitrate between native and invaded range.

To statistically compare wet biomass production of L. major between New Zealand and South

Africa, results were analyzed using Generalized Mixed Models in RStudio interface
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(v2022.07.1+554) with site name and year of sampling as random effects, and region as fixed
effects. The Gamma family distribution was used for this analysis as the data were skewed to
the right. For plant cover, a Mixed-Effects Ordinal Logistic Regression model from ‘ordinal’
package in R was used, where the different plant covers were treated as factor levels. The setup
for this was similar to the model described above for biomass comparisons but used a different

package due to the different data structures.

An independent two-sample z-test was used to compare shoot production between the two
regions. This was chosen over mixed models as year of sampling and different sites did not
provide additional information for that model. An alpha level of 0.05 was chosen as the
indicator for statistical difference between the two regions (Native vs Invaded) for all analysis.
Lastly, to examine the effect of L. major on ecosystem health in terms of biodiversity, species
Evenness (JO), and Shannon-Wiener a-diversity indices (HO) were calculated for both plant
species and invertebrate communities in invaded and native region using the ‘vegan: ecological
diversity’ package in the R-software. These data were then analysed using a Mann-Whitney U-

test.

3.3. Results

3.3.1. Site characteristics

As expected, there was a lot of variation in physiochemical parameters measured, both in terms
of site and region (Table 3.1). However, invaded sites in New Zealand had overall better water
quality with relatively higher dissolved Oz (mg/L), lower TDS (ppm) and overall higher water
clarity (%), while values for South Africa (native range) were indicative of relatively poor
water quality (Table 3.1). The mean pH was slightly higher in the native range (7.77+1.49,

n=70) compared to New Zealand (7.38+0.84, n=39), indicative of more alkaline waters.
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Lagarosiphon major also occupied relatively deeper and cooler waters in the invaded range
relative to native sites (Table 3.1). Furthermore, phosphorus, ammonia and nitrates were
significantly higher in the native range relative to the invaded range (W= 3, P <0.001; W=9,

P <0.001: and W=55, P <0.001 respectively), with limited variability between invaded sites

(Figure 3.4).
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Figure 3.4: Amount of (A) Phosphate (mg/l), (B) Nitrate (mg/l), and (C) Ammonia (mg/l)

measured in water with Lagarosiphon major in the native and invaded range. Mean = se.
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Table 3.1: Mean + SD physicochemical parameters at Lagarosiphon major site (NZ = New Zealand; EC1 = Eastern Cape; Kwa-Zulu Natal;

MPL = Mpumalanga) in native and Invaded range.

6l|Page

Region | Site | Range | N Ph Depth (cm) | Clarity (%) | Temperature | Oz (mg/l) | TDS (ppm)
(°C)
EC1 | Native | 5 | 7.61£1.87 | 68.2+25.38 64+25.53 16.2+4.91 7.85+£3.13 | 81.78+£36.52
EC2 | Native | 3 | 5.9+0.38 | 63.7+1.53 9242.52 14.5+0.06 8.97+£0.64 | 45.13+2.63
w EC3 | Native | 2 | 5.69+0.13 | 80.4+17.63 36+46.19 16.9+0 6.9+0 30.65+0.35
% KZN1 | Native | 7 8+0.1 33.4+9.26 100+0 22.7+1.02 - 43.01+£15.33
: KZN2 | Native | 6 | 7.241.23 | 73.1+10.14 71£18.7 23.5+0.43 4.57+0.12 | 198.5£28.91
é’f KZN3 | Native | 4 | 6.7£0.69 | 39.3+6.45 94+11.7 18.3+2.38 3.23+0.42 64.97+1.7
® MPL1 | Native | 9 | 8.21+1.4 | 58.9+12.11 48+10.77 24.8+2.5 6.5£3.52 | 321.7£195.41
MPL2 | Native | 3 | 6.47+1.06 | 48+4.36 4+0.44 25.1+0.35 5+1.73 793+39.89
MPL3 | Native | 6 | 9.07£1.93 | 43.1+12.51 36+£34.58 27+0.49 5.68+1.88 | 240.5+109.34
NZ1 | Invasive | 6 | 6.9+0.11 | 147.5£2.74 68+1.21 25+1.48 6.89+0.44 | 130.42+£1.75
2 NZ2 | Invasive | 6 | 6.36£0.09 | 70+15.23 100+0 15+1.63 11.16£0.75 | 81.4%0.55
2 NZ3 | Invasive | 3 | 8.86+£0.16 | 57.7+9.07 100+0 15.3+0.84 | 12.74£1.61 | 83.13+£2.21
g NZ4 | Invasive | 6 | 8.44+0.27 | 124.848.01 80+5.52 23.1+0.79 9.43+0.44 | 506.33+6.71
g NZ5 | Invasive | 6 | 7.5+0.72 62.3£12 100+0 18.1£2.19 9.6£1.02 69.37+2.14
e NZ6 | Invasive | 6 | 7.52+0.16 | 66.3+£10.69 100+0 17.242.34 9.5+0.09 66.98+3.01
NZ7 | Invasive | 6 | 6.82+0.33 | 71.8+18.98 100+0 22.24+0.58 7.55+2.11 86.92+3.5
Mean | Invasive | 39 | 7.3840.84 | 87.94+£35.25 | 92.03+12.79 | 19.72+£3.96 | 9.31+1.97 | 151.23+50.17
Mean | Native | 70| 7.77+1.49 | 59.54+19.94 | 63.45+31.6 21.13+4.4 6.29+£2.55 | 160.35+44.24




The PCA showed a separation in water quality parameters for populations of L. major in the
native and invade range, suggesting different abiotic conditions in these ecosystems (Figure
3.5). The first two components explained 52% of the variation observed, with the first
component contributing 35% and being mainly positively correlated with phosphate, turbidity,
and ammonia, while being negatively correlated with dissolved Oxygen (Figure 3.5). This
suggests that these variables are the most important in discriminating between the native and
invaded sites, as native ecosystems tend to have higher phosphate, turbidity, and ammonia
readings, and lower dissolved oxygen than invaded ecosystems (Table 3.1; Figure 3.5).

The second component explained 17% of the observed variation, mainly being associated
conductivity, pH, depth and temperature, all showing negative correlation with that component
(Figure 3.4). These were also more closely associated with invaded sites. Other variables such
as nitrates, TDS and clarity did not appear to have a strong effect on the differentiation of these
ecosystems. Furthermore, there was a slight overlap between the invaded and native
ecosystems based on the second PC, which accounts for less than one-fifth of the variation in
the data. Thus, this PC does not discriminate well between the two groups, as some sites have

similar values for PC2 in both regions (Figure 3.5).
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Figure 3.5: Principal Component Analysis scores showing physicochemical parameters for
Lagarosiphon major sites in native and invaded range compressed into 2 dimensions. Ellipses
indicate the 95% confidence intervals. The data points are labelled with codes indicating the
location (NZ = New Zealand; EC1 = Eastern Cape; Kwa-Zulu Natal; MPL = Mpumalanga).

The vectors show the direction and magnitude of the correlation of different environmental

variables (e.g., Temperature, Depth, Conductivity) with the principal components.

3.3.2. Plant parameters

Biomass production of L. major was highly variable both in terms of sites, as well as regions
(Figure 3.6). Nevertheless, after controlling for the year and site of sampling, there was overall
significantly higher L. major biomass in the invaded range (f=2.166, SE=0.007, P= 0.030),

with a mean of 55.2+6.612 (n=60), compared to the native range which had a mean of
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27.09+2.25 (n=88), almost half of what is observed in the invaded range. A similar trend was
observed with L. major shoot production, where the invaded range had a mean of 147+£16.43

(n=9) and native plants in South Africa had a mean of 77+8.42 (n=27) shoots per m? (t (12) =

3.79, P =0.002).
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Figure 3.6: Wet Lagarosiphon major biomass (kg/m?) per site (NZ = New Zealand; EC =

Eastern Cape; KZN= Kwa-Zulu Natal; MPL= Mpumalanga), in both native and invaded

range.

The cover of L. major at the site scale (>5 m?) did not differ between native and invaded range
(z=0.789, P=0.43), after controlling for site and year of sampling. However, at a finer scale (~1
m?), the cover of L. major at most of the quadrats in the invaded site were in the high range
(75-100%), indicative of higher percentage cover at those sites (Figure 3.7). Quadrats in the
native range had a more even split between the five groups of percentages (Figure 3.7).
Therefore, at this scale, the analysis showed that the cover of L. major was overall higher in

the invaded range compared to the native range (z= -3.137, P=0.002).
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Figure 3.7. The range of Lagarosiphon major cover per quadrat (1 m?) for native populations
in South Africa and invasive populations in New Zealand. Sparse=1-10%; Low =11-25%;

Moderate =26 — 50%; High=51- 75%; Very high (76 - 100%).

Lagarosiphon major was the most dominant macrophyte species in both the native as well as
the invaded range, with relatively more L. major in the invaded range at the quadrat scale
(Figure 3.8). Furthermore, there was a higher number of other plant species co-occurring with
L. major in the native range compared to the invaded range, both at a large scale (> 5m? site)
and at a finer scale (1 m?) (Figure 3.8). With regards to plant diversity indices, there was a
significant negative effect of L. major cover on overall plant species density (¢ (13) = -6, richness
(t 15 = -5, P<0.001) and diversity (W = 3, P = 0.002) in the invaded range compared to the
native range (Figure 3.9). However, although there was also a negative association of species
evenness and L. major cover, this relationship was not significant (W = 16, P = 0.6).
Nevertheless, at the finer scale, species richness (W = 8, P = 0.008), density (¢ (12) = -2, P =
0.03), evenness (W = 12, P = 0.03) and diversity (W = 8, P = 0.008) were all shown to be

significantly reduced in the invaded range.
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Figure 3.9: (A) Shannon diversity and (B) Evenness of aquatic plant species per site, as

affected by Lagarosiphon major cover in native and invaded range.

3.3.3. Invertebrate community

The most dominant invertebrate groups in native populations of L. major were
Ceratopogonidae (Diptera) (detritivores), Hydrachnidiae (Trombidiformes) (predators), as well
as the specialist herbivore Hydrellia lagarosiphon Deeming (Diptera: Ephydridae) (Table 3.2).
Other groups were either rare or occasional, with the exception of another specialist L. major

herbivore, Polypedilum tuburcinatum Andersen (Diptera: Chironomidae) which occurred more

frequently (Table 3.2).

In the invaded range of L. major, the most common invertebrate groups were Aphids
(Hemiptera) (herbivore), Hygraula nitens Butler (Lepidoptera: Crambidae), syn. Nymphula
nitens (L. major associated herbivore), Microvelia macgregori Kirkaldy (Hemiptera: Veliidae)

(predator), and Paratya curvirostris Heller (Decapoda: Atyidae) (omnivore) (Table 3.2).
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Again, other groups were either rare or frequent, with the exception of Caddisfly (herbivore)

and Hydrachnidia (predator), which were both frequent (Table 3.2).

Overall, the native range had more herbivores directly associated with L. major, compared to
the invaded range (Table 3.2). There were also no parasitoids of L. major herbivores recorded
in the invaded range, while they were present in native populations. With regards to overall
invertebrate species richness (¢ ) = 3, P = 0.03), density (t ) = 6, P<0.001), evenness (W =4,
P =0.05) and diversity (W =22, P = (.2), there was a significant difference in the number of
invertebrates associated with L. major in the native range compared to the invaded range (Table

3.2, Figure 3.10).
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Figure 3.10: Insect diversity and richness per kg of Lagarosiphon major as affected by L.

major cover in native and invasive populations.
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Table 3.2: Invertebrates associated with Lagarosiphon major at different sites in native and

invaded range. Insects known to actively feed on or damage L. major are underlined.

Country | Region | Group ID Sites | Count/kg | Sd FFG Frequency
Native | Bagous spp, 4 1.75 0.96 | Herbivore Rare
Native | Braconidae 3 3 1.5 Parasitoid Occasional
Native | Ceratopogonidae | 3 14.67 15.14 | Detritivore | Dominant
Native | Glossiphoniidae | 3 2 0 Predator Rare
Native | H. lagarosiphon | 8 15.5 12.40 | Herbivore Dominant
South Native | Hydrachnidia 3 15.67 11.02 | Predator Dominant
Africa Native | Hydroids 1 1 Collector Rare
Native | Ephemeroptera | 1 1 Collector Rare
Native | Nymphulinae. 2 3 2.83 | Herbivore Occasional
Native | Odonata 2 3.5 2.12 | Predator Occasional
Native | Oligochaeta 2 4.5 2.12 | Detritivore | Occasional
Native | P. tuburcinatum |2 6.5 7.78 | Herbivore Frequent
Native | Thrips 1 1 Herbivore Rare
Invaded | Aphid 3 15.67 12.74 | Herbivore Dominant
Invaded | Bivalve 1 3 Filter feeder | Occasional
Invaded | Caddisfly 12 7 4.67 | Herbivore Frequent
Invaded | Cecidomyiidae | 2 7.5 7.78 | Predator Frequent
Invaded | Chironomid 3 3.67 2.31 | Diverse Occasional
New Invaded | Tipulidae 1 5 Collector Frequent
Zealand | Invaded | Glossiphoniidae | 3 1.33 0.58 | Predator Rare
Invaded | Hydrachnidia 11 8.36 6.73 | Predator Frequent
Invaded | Hygraula nitens | 42 13.05 13.05 | Herbivore Dominant
Invaded | Limpet 1 5 Grazer Frequent
Invaded | Microvelia sp. 4 12.33 9.29 | Predator Dominant
Invaded | Nematoda 3 1.33 0.58 | Predator Rare
Invaded | Oligochaeta 1 1 Detritivore | Rare
Invaded | Paratya shrimp | 5 12.6 13.22 | Omnivore Dominant
Invaded | Stratiomyidae 1 4 Omnivore Occasional
Invaded | Zygoptera 1 1 Predator Rare
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In the native range, the level of damage experienced by L. major was highly variable, with sites
ECI1, KZN2 and MPL1 showing higher damage compared to sites like EC2 and MPL4 (Figure
3.11). With regards to the invaded range, most sites had a lower level of damage compared to
the native populations, with the exception of sites NZ1 and NZ7, which also showed higher
levels of damage relative to the rest of that regions (Figure 3.11). However, although varied
between sites, the overall levels of damage experienced by L. major in the native range were
significantly higher compared to invaded range (z value= 2.25, P= 0.024), with means of

3.057£1.16 (n=104) and 2.495+1.5 (n=234), respectively.
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Figure 3 .11: Lagarosiphon major damage scale per site (NZ = New Zealand; EC = Eastern
Cape; KZN= Kwa Zulu Natal; MPL= Mpumalanga), in both native and invaded range. Mean

+SE.
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3.4. Discussion

The aim of this study was to provide a biogeographical comparison of L. major between South
Africa and New Zealand. Firstly, the tolerance of L. major to different environmental
conditions was evident in both the native, as well as the invaded range (Champion & Tanner,
2000; Caffrey & Acevedo, 2007). However, there were some notable differences in the water
quality parameters between the two regions. One of the most striking differences was the higher
level of nutrients, especially phosphorus, ammonia and nitrates, in the native range compared
to the invaded range. This is indicative of eutrophication and is not surprising, as freshwater
systems in South Africa are some of the most polluted in the world (Van Ginkel et al. 2000;
Oberholster & Ashton 2008). New Zealand on the other hand is known for its near-pristine
waters in comparison (McGregor & Gourlay, 2002; Larned et al, 2016). This means that
success of L. major in this region is possibly not determined by nutrient availability, but by

lack of herbivory.

Another related key difference between these two regions was greater water clarity and higher
dissolved oxygen concentrations in the invaded range compared to the native range. This also
translated to L. major occupying deeper and cooler waters in the invaded range than in the
native range due to increased light penetration (Caffrey & Acevedo, 2007; Morrissey et al.,
2020). Furthermore, higher dissolved oxygen and water clarity in the invaded range suggest
that L. major may have a positive effect on these parameters by increasing oxygen production
and reducing turbidity through sediment stabilization (James et al., 2006; Hussner et al., 2017).
However, these effects are directly dependent on the density and biomass of L. major, as high
levels of plant growth can have vast negative impacts, including reduces dissolved oxygen and
water clarity through shading and decomposition (Clayton, 1996; James et al., 2006; Van
Ginkel, 2011). For future studies, it would be interesting to see how these physicochemical

properties compare to sites where L. major is not present in both biogeographic regions.
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With regards to plant parameters, L. major was the most dominant species overall in both
regions. Nevertheless, L. major cover, biomass, and shoot production was higher in the invaded
range, and was also associated with reduced species richness, evenness, and diversity. Similar
results were reported by Gallego-Tévar et al. (2022) after conducting a similar biogeographical
comparison of [Iris pseudacorus L. (Iridaceae) in native Spain vs invaded USA. They
specifically showed that in the native range, I. pseudacorus promoted plant diversity by
increasing evenness and species richness and thus coexisted successfully with many other
native species. However, in the invaded range, this species was associated with reduced plant

diversity of other native species.

Both the current study and the study conducted by Gallego-Tévar et al. (2022) show the
competitive dominance of species outside their native range, possibly due to limited top-down
pressure (Williamson & Griffiths, 1996; Keane & Crawley, 2002). Furthermore, the differences
in cover based on scale of measurement implies that although a site may not be completely
covered with L. major, the patches of this species in those sites tend to be more clumped in the
invaded range compared to native. This could be interpreted in terms of the ERH as support
for the hypothesis that escape from natural enemies allows for this plant to successfully
accumulate more of its biomass outside of its native range, while top-down pressures in the

native range regulate growth more successfully (Zangerl & Rutledge, 1996).

Lagarosiphon major has been shown to be a superior competitor against a variety of closely
related macrophytes (Martin et al., 2013; Silveira & Thiébaut, 2020), with the ability to form
densa mats that shade out and displace native species (Rattray et al., 1994; Champion & Tanner,
2000; Caffrey et al. 2010). These monoculture stands have marked negative impacts on the
biodiversity and ecosystem functioning of affected aquatic ecosystems (Clayton, 1996; James
et al., 2006; Van Ginkel, 2011). Indeed, the current study showed that L. major reduces the
density, richness, diversity, and evenness of other plant species in the invaded range, which
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may affect the food web structure and trophic interactions of aquatic organisms (Rattray et al.
1994; Champion & Tanner, 2000; Caffrey et al. 2010). Moreover, the dominance of L. major
may reduce ecosystem services derived from invaded landscapes (Van Ginkel, 2011; Kelly et

al. 2013).

The invertebrate community associated with L. major differed between the native and invaded
range, both in terms of composition and abundance. Specifically, the native range had a higher
species richness, density, evenness, and diversity of invertebrates associated with L. major than
the invaded range. This reflects the higher complexity and heterogeneity of the native habitat
as seen with plant species diversity, which were shown to support more diverse and abundant
invertebrate assemblages. These results are also in line with the ‘time-spent hypothesis’ which
argues that the number of invertebrate associations is directly linked evolutionary history
(Strong, 1977; Brindle et al., 2008; Weyl & Coetzee, 2013). The native range of South Africa
had more invertebrate groups which fed on L. major, such as generalist moths Synclita sp. and
Parapoynx sp. (Lepidoptera: Crambidae), Bagous sp. weevils (Coleoptera: Curculionidae), as
well as two specialist herbivores, H. lagarosiphon and P. tuburcinatum which were

encountered frequently at different sites (Schutz, 2008; Baars et al., 2010).

These groups may exert top-down control on the population dynamics of this plant in its native
habitat, reducing its biomass and cover, as reported here. The level of damage experienced by
L. major was overall higher in the native range than in the invaded range. This may be an
indication that L. major is exposed to more biotic stressors, such as herbivory and competition
in its native habitat than in its invaded habitat. The two specialist insects mentioned above have
previously been shown to significantly damage L. major (Baars et al., 2010; Martin et al., 2013;
Mangan & Baars, 2016) and are being considered for biological control of this weed in New
Zealand and Ireland (Earle et al., 2013; Paynter et al., 2015; Olckers et al., 2021; Mangan &
Baars, 2023).
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However, L. major and H. lagarosiphon are also associated with various parasitoids, such as
Chaenusa spp. (Hymenoptera: Braconidae), which affects the survival and reproduction of this
insect herbivore in the native range (Baars et al., 2010; Martin et al., 2018). Similar groups
have also been shown to reduce biological control of the invasive Egeria densa Planch.
(Hydrocharitaceae) in South Africa (Coetzee et al., 2021; Smith 2021; Van Noort et al. 2021).
Furthermore, Paynter et al. (2010) found that parasitism was positively correlated with failure
of biological control programmes in New Zealand. However, the Brachonid parasitoids are
thought to be absent in New Zealand, which could improve the efficacy of H. lagarosiphon as

biological control agents in that region.

There were two sites in New Zealand where L. major was found to have relatively higher levels
of damage than some sites in the native range. This implies that there may be some local factors
that increase the biotic stress experienced by L. major in these sites, such as the presence of
native herbivores such as H. nitens which has been reported to attack L. major (Redekop et al.,
2018). These were found in high abundance at the two sites. This endemic New Zealand moth
is a herbivore that can switch between different macrophyte hosts, and has shown to have
preferential feeding on exotic Hydrocharitaceae such as Hydrilla verticillata (L.f.) Royle,
Elodea canadensis Michx, as well as L. major (Habeck & Balciunas, 2005; Wells, 2015;

Redekop et al., 2018).

This insect may be used as a native biological control agent, an alternative to classical
biological control which does not use re-introduction of natural enemies but involves the use
of native herbivores to control invasive species (Madsen et al., 2000; Wells, 2015). Thus, H.
nitens would be mass reared and released in sites where L. major is causing ecological harm.
According to Sheldon & Creed (1995), this strategy poses less risk to native populations as it
is more economical in terms of logistics involved in the development of a new biological
control programme. For example, Sheldon & Creed (2003), showed that a native North
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American weevil (Euhrychiopsis lecontei Dietz [ Coleoptera: Curculionidae]) may be a suitable

alternative to classical biological control for managing various exotic Myriophyllum species.

Overall, the invaded range had fewer invertebrate groups that are directly associated with L.
major, and more generalist or opportunistic groups. For example, Aphids are herbivores that
can feed on a wide range of aquatic plants, P. curvirostris is an omnivore that can consume
both plant and animal matter, and M. macgregori is a predator of various aquatic insects. These
groups may benefit from the high biomass and cover of L. major in the invaded habitat, but

they may not have a significant impact on its growth and spread.

In conclusion, the results of this study demonstrate that L. major is a highly invasive aquatic
plant that has enhanced growth in New Zealand compared to South Africa, and possibly
benefits from having fewer natural enemies in the invaded range. Therefore L. major invasion
poses a serious threat to the native biodiversity and ecosystem services of freshwater habitats
in New Zealand. Consequently, effective management strategies are needed to prevent its
further spread and reduce its impacts. As such, based on the assumptions of the ERH, I would
argue that the L. major invasion in New Zealand could be successfully managed using
biological control. The stem-mining midge, P. tuburcinatum and the leaf-mining fly H.
lagarosiphon are strong candidates, as they have been shown to be damaging and host specific
enough (Baars et al., 2010; Earle et al., 2013; Martin 2013; Mangan & Baars, 2023), are
actively being pursued for introduction to both New Zealand and Ireland (Earle et al., 2013;
Paynter et al., 2015; Olckers et al., 2021). Specifically, for the H. lagarosiphon, there are
plenty of opportunities to learn and develop mass rearing techniques from previous studies
using insects in this genus (Smith, 2021; Mangan et al., 2015). All these recourses will be

advantageous in developing and implementing this biological control programme.

75| Page



Chapter 4: Competition between Lagarosiphon major and

Egeria densa as mediated by biological control.

4.1. Introduction

Invasive aquatic plant species pose a significant threat to freshwater ecosystems, causing
environmental and economic harm globally McGregor & Gourlay, 2002; Van Ginkel, 2011;
Hill & Coetzee, 2017). Lagarosiphon major (Ridl.) and Egeria densa (Planch) are two such
invasive species from the family Hydrocharitaceae that have rapidly spread in freshwater
ecosystems worldwide (Champion & Tanner, 2000; McGregor & Gourlay, 2002; Caffrey &
Acevedo, 2007). Egeria densa originates from South America, while L. major is native to
southern Africa (Obermeyer, 1964). Their spread across the world was facilitated by their use
in the aquarium trade (James et al., 1999), and both species are considered invasive in New

Zealand (Caffrey et al., 2010).

Lagarosiphon major is commonly referred to as oxygen weed, curly waterweed or African
elodea, while E. densa is commonly referred to as Brazilian waterweed. Both species have a
similar growth form, occurring as submerged macrophytes which can form densa monoculture
stands in slow moving water bodies (see Chapter 1 for a detailed description of L. major). The
main distinguishing factor between these two species is the shape and colour of their leaves.
The leaves of L. major tend to alternate and are generally more curly and dark green due to the
relatively thick-walled epidermis (Obermeyer, 1964; Bowmer et al., 1995), while E. densa
leaves occur in whorls of four, are less curly and are usually a brighter green colour in
comparison (Yarrow et al., 2009). The former also has a relatively firm structure with small

blunt spines on the leaf margins (Symoens & Triest., 1983; Bowmer et al., 1995), compared to
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the more fragile E. densa, which facilitates dispersal (Yarrow et al., 2009; Redekop et al.,

2016).

Lagarosiphon major may be considered an ecosystem engineer as it changes sediment structure
of the invaded system, while both species can tolerate a wide range of environmental conditions
and exhibit aggressive growth patterns, forming densa stands that often outcompete native
aquatic plants (McGregor & Gourlay, 2002; Caffrey & Acevedo, 2007). As a result, native
macrophytes are displaced, altering entire ecosystems. For example, L. major has successfully
displaced many native Myriophyllum spp. in New Zealand (Rattray et al. 1994), and various
charophyte species in Ireland (Caffrey et al. 2010). The resulting impact of invasion by these
species is therefore loss of biodiversity, reduced water quality, impaired hydroelectric power
generation and disruption to recreational activities (Clayton, 1996; Wilson et al., 2007; Van

Ginkel, 2011).

Chapter 3 investigated the importance of top-down regulation in plant communities through
natural enemies. It suggested that the absence of natural enemies of L. major in New Zealand
(exotic range) may be one of the explanations why this plant has become such a successful
invader. Nevertheless, the meta-analysis in Chapter 2 revealed the real complexity of natural
ecosystems, showing that release from natural enemies is only part of the biological invasion
process, and may not always be an applicable explanation. Therefore, other mechanisms of
invasion such as competition, mutualism, novel weapons, allelopathy, phenotypic plasticity
and propagule pressure need to be explored (Fleming & Dibble, 2015; Bolpagni, 2021). This
chapter specifically investigates the role of competition for limited resources in biological
invasions. This is because understanding the dynamics of competitive interactions within plant
communities is crucial for effective management and conservation of freshwater ecosystems

(Van et al. 1999).
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There are two types of competition that govern plant community interactions, intra-specific
and inter-specific competition. Intra-specific competition occurs within populations of the
same species, and inter-specific competition occurs across different species within a
community (Lacoul & Freedman, 2006). The former is a stronger form of competition as
requirements for resources are very similar within species (Coetzee et al. 2005; Monacelli &
Wilcox, 2021), with resource acquisition taking place in the same manner (Van et al. 1999).
For example, Martin et al. (2014) showed that the influence of L. major on co-occurring
conspecifics is much greater than competition with Myriophyllum spicatum L. (Haloragaceae).
Nevertheless, this can also be true for different species if they have overlapping life-history
strategies (Stiers et al. 2011), as is the case with L. major and E. densa (Caffrey & Acevedo,

2007).

Interspecific competition is usually mediated by other limiting factors such as nutrient
availability, dissolved oxygen, light intensity, seasonal variability, as well as herbivore
pressure (Titus & Adams 1979; Coetzee et al. 2005; Caffrey et al. 2010). For example, Caffrey
et al. (2010) showed that even under low CO> and high pH, L. major remains a superior
competitor in terms of photosynthetic rate relative to other Hydrocharitaceae such as Elodea

canadensis Michx and Elodea nuttallii Planch.

Various studies have investigated the competitive vigour of L. major against other macrophytes
at different environmental conditions (Hofstra et al, 1999; Martin et al., 2014), as well as L.
major against E. densa (Strange, 2017; Silveira & Thiébaut, 2020). These community level
studies show that competition is an important factor that influences the success of invasive
plant species, especially in new environments. The ability of an invasive species to compete
with native species can determine its impact on the ecosystem (Van et al. 1999; Monacelli &

Wilcox, 2021).
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Herbivory plays an important role in mediating these competitive interactions (Coetzee et al.
2005; Caffrey et al. 2010). For example, Fan et al (2013) showed that a generalist grasshopper
(Atractomorpha sinensis Bolivar [Orthoptera: Pyrgomorphidae]) is able to shift the competitive
advantage between a native and an invasive species of Alternanthera. The invasive alligator
weed (Alternanthera philoxeroides (Mart.) Griseb.: Amaranthaceae), exhibited higher
biomass, photosynthetic rate as well as higher leaf nitrogen relative to the native Alternanthera
sessilis (L.) DC. (Amaranthaceae), also known as the Brazilian spinach, in the absence of
herbivory. The introduction of the grasshopper changed this dynamic, so that native plant

performance was higher.

Based on this, one would expect that biological control would also have a similar impact in
terms of mediating competitive dominance between native and invasive plants. This is one of
the approaches used to manage invasive plant species, which involves using highly specific
natural enemies, such as herbivorous insects, to control the spread of the invader (Cilliers,
1991; Winston et al., 2014). Hydrellia flies are a group of insects from the Ephydridae that are
used in the biological control of various species within the submerged Hydrocharitaceae
(Balciunas & Burrows, 1996; Wheeler & Center, 1996, Coetzee et al., 2011; Smith, 2017).
These are aquatic flies whose larvae mine the leaves of their host plant species and tend to be
monophagous. They act by reducing the photosynthetic tissue of the plant, resulting in decline

in growth rate, and therefore, biomass (Bownes, 2014; Weeks & Cuda, 2014).

The use of Hydrellia pakistanae (Deonier) (Ephydridae) against Hydrilla verticillata (L.f.)
Royle (Hydrocharitaceae) in the USA is the flagship of biological control of submerged
macrophytes, although with varying degrees of success (Wheeler & Center, 1996; Center et
al., 1997). More recently, H. egeriae has been released to control E. densa in South Africa
(Smith et al., 2019), while Hydrellia lagarosiphon (Deeming) [Diptera: Ephydridae], is a
potential suitable biological control agent of L. major (Baars et al., 2010; Martin et al., 2013).
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This study used reciprocal yield models in order to understand the potential outcomes of
introducing either H. lagarosiphon or H. egeriae on the competitive interactions between L.
major and E. densa, should either or both species be considered for release in New Zealand.
These models describe the yield of two competing species as a function of their densities and
can be used to estimate the competitive ability of each species under different environmental
conditions, and in this case, herbivory (e.g., Van, 1999; Coetzee et al., 2005 and Martin et al.,

2018).

Thus, the aim of this study was to use Spitters’ (1983) reciprocal-yield model to evaluate the
competitive ability of these two invasive species in the presence and absence of their respective
biological control agent. Specifically, the objective of this chapter was to provide insights into
the role of biological control in mediating competitive interactions between these two
macrophytes. I hypothesised that L. major would emerge as the superior competitor to E. densa
due to its more rigid structure and high phenotypic plasticity. When both species are exposed
to biological control, this competitive edge should be exacerbated by the addition of herbivory,

due to the destructive nature of H. egeriae relative to H. lagarosiphon.

The results of the study will provide valuable insights into the competitive ability of L. major
against E. densa and the role of biological control in mediating this competition and therefore
should be taken into consideration when managing these plants. This is because resource
managers are usually tasked with controlling multiple invasive species in large areas on a
limited budget. Therefore, studies like this could provide a good starting point for prioritisation
efforts when it comes to choosing which biological control programme to fund. This is an
important contribution that will help resource managers with allocation of funds to the most

impactful project (Paynter et al., 2015).
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In the context of New Zealand and elsewhere where both species are a nuisance, this study will
help predict what the interaction might be in cases where L. major and E. densa co-occur, and
how introducing biological control of one species or the other might affect the observed
interactions at the community level. This study is also crucial for the native range of L. major
in South Africa where E. densa is spreading, because although no co-occurrences have been
reported thus far, this is still an important consideration for continued effective management of

E. densa.

4.2. Materials and Methods

4.2.1. Experimental design

Spitters (1983) reciprocal-yield models were used to investigate the competitive ability of L.
major against E. densa in the presence and absence of biological control by H. lagarosiphon
and H. egeriae, respectively. The experiment was conducted inside a greenhouse tunnel at the
Waainek Research Facility at Rhodes University, South Africa from October until early
December 2022. The setup consisted of eight different factorial combination of planting
densities of L. major: E. densa as follows: 0:3, 0:9, 3:3, 3:9, 9:3, 3:0, 9:0; 9:9, with and without
biological control. This resulted in four herbivory treatment combinations (1. Control=No
herbivory; 2. Only H. lagarosiphon; 3. Only H. egeriae; 4. Both H. lagarosiphon and H.

egeriae) according to the different planting densities, with each treatment replicated four times.

The experiment was conducted in four flow-through systems of five connected tanks (120cm
x 100cm x 70cm each, 800 L), filled with water which was continually circulated by means of
a submersible pump. The fifth tank was used to house the filtration system. Apical shoots (~25
cm in length with a mean dry biomass of 0.16 £SE (n=20 per species), and no side shoots) were

planted according to their experimental planting densities, in 7L plastic tubs (25 cm diam. x 14
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cm deep) containing pond sediment and no added fertiliser. A thin layer of silica sand on top
of the sediment minimised the growth of algae and maintained water clarity. Each tank
contained eight randomly placed tubs, representative of the different planning densities, and
with enough distance between tubs to minimise the interaction of plants from different tubs

(Figure 4.1).

Herbivore inoculation using two newly hatched larvae per respective host plant shoot was
initiated four weeks after the experiment setup, on the emergent part of each plant. All
treatments were enclosed with a single layer of 50% shade cloth to provide optimum conditions
for submerged plant growth (Yarrow et al. 2009), and to avoid escape and cross-contamination
of insects. Each treatment was replicated four times and spread out across 16 tanks (each tank
representing a replicate of the four herbivory treatments), equating to three flowthrough
systems. The experiment was run for a total of 10 weeks, with an acclimation period of four
weeks before the commencement of the herbivory treatment. At the end of the experiment
period, length of the longest shoot per tub, and the number of side shoots for the longest shoot
were determined for each species before harvesting. The harvested material was washed and
separated if planted in mixed cultures, then oven dried for 76 hours at 60 °C in order to obtain

dry biomass of roots and shoots for each species.
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Figure 4.1: Schematic representation of the competition experiment layout for each species
combination for the herbivory treatments (HERB) as housed in the flowthrough system tanks.
H. lag represents Hydrellia lagarosiphon, and H. egeriae represents Hydrellia egeria. Different
colours indicate different plant species (i.e. Lagarosiphon major and Egeria densa). Placement

of tubs was randomised in the actual experiment.

4.2.2. Data analysis

To investigate the relationship between herbivory and plant density (and therefore
competition), results from all plant parameters (shoot length, number of shoots, and dry
biomass) were analysed using Generalised Linear Models (GLM-ANOVA) with specified

family distribution (Gaussian, Gamma or Poisson regression) and link function based on data
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features. GLM were chosen over Generalised Mixed Models because upon inspection, the
amount of variance explained by the tank effect (random effect with four replicates or
categories) was not distinguishable from zero for all the response variables. This means that
there was not much variation when comparing between tanks where the different densities were

housed.

The GLM had three factors for each response variable (Density, Plant and Herbivory), and the
car package Anova function was used to perform type-II analysis of deviance. This allowed
the significance of individual terms and groups of terms in the GLM to be tested. Parameters
that showed a significant result were further analysed using multiple post hoc comparisons. In
order to reduce Type II error, the emmeans function with the Bonferroni adjustment was
implemented within the Ime4 package in RStudio. The rate of biomass accumulation under the
different herbivory treatments and planting densities was determined by calculating the relative
growth rate (RGR) of dry above ground biomass for each species. This was done in R studio

using the standard formula described by Evans (1972) (equation 1).

Equation 1:  RGR = (InW> — InW)/ (t2— t1)

Here Wi and W> represent the dry biomass at the start and end of the experiment, respectively
at times t; and t; (the start and end time in weeks). This was again analysed using GLM and
followed similar steps to the analysis of other plant parameters measured above. The results of
this analysis were used to determine whether the mean end-yields of L. major and E. densa
were significantly different between the treatments and whether the mean RGR of these two

plants species were significantly different between the treatments.

Inverse linear models were used to directly quantify the competitive effect of L. major and E.

densa as driven by different herbivory regimes. This was done by running multiple regressions
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on the above ground dry biomass according to Spitters’s (1983) reciprocal yield. Equation 2

and 3 below show the structure of the models for L. major and E. densa, respectively.

Equation 2:  1/Wi =aw + ardr + arede

Equation 3:  1/We =ago + apede + apidr
Here, 1/W represents the inverse dry biomass yield, while the intercepts aro and ago represent
the respective reciprocal of the maximum mass of isolated plants. The planting densities are
shown by dr and dg. Therefore, the partial regression coefficients ardy and agedg are
representative of intraspecific competition, while the coefficients aredr and agrdr characterise

interspecific competition in terms of their effects on the reciprocal yield of L. major and E.

densa, respectively.

Taking the ratio of intra and interspecific competition (aLr/aLg or age/agL) gives the magnitude
of competitive advantage that each species has against the other in terms of mean dry biomass.

The effect on L. major by E. densa is measured by coefficient aLg and the opposite is true for

arL. Similarly, arL and agg are defined as the effect of each plant species on itself. Thus, a

competition ratio =1 shows a neutral interaction, while values > 1 illustrate the dominance of
intraspecific competition, and a value of < 1 indicates greater interspecific competition
(Monacelli & Wilcox, 2021). Here, negative values indicate a facilitative effect rather than a
competitive interaction (Thiébaut et al., 2019; Silveira & Thiébaut, 2020; Monacelli & Wilcox,

2021).

An alpha level of 0.05 was chosen for all statistical tests, and all graphs and analyses were
conducted in R Studio v 4.2.2 (R Core Team, 2023). The mean + SE and post hoc groupings
for plant parameters (including RGR) were graphed using the ggplot2 package. The inverse

yield and therefore plant competition was visualised using three dimensional figures with
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multiple linear regressions captured by the regression plane plotted using the scatterplot3d

package in Rstudio.

4.3. Results

4.3.1. Plant parameters

The present study investigated the effects of herbivory and plant density on the fitness and
reproduction of two aquatic plant species, L. major and E. densa. The experiment examined
shoot length, shoot number, biomass production, and relative growth rate as indicators of plant
performance in response to herbivory by their respective biological control agents, H.
lagarosiphon and H. egeriae across different plant densities. The findings reveal intriguing
patterns that highlight the complex interactions between planting densities and herbivory across

the two plant species.

Shoot length was significantly affected by all terms and main interactions (Table 4.1). The
post-hoc test however showed varied responses depending on herbivore combination and
starting densities. Firstly, both plant species were surprisingly not affected by herbivory
treatments nor density for monocultures (Figure 4.2). Nevertheless, for the mixed cultures,
herbivory treatment was an important determinant of shoot length (Table 4.1; Figure 4.2). For
example, although L. major did not have a significant response to herbivory in the low-density
mixed cultures (3:3), E. densa with no herbivory had significantly longer shoots than those that
were exposed to herbivory by either H. egeriae or H. lagarosiphon, for this density treatment
(Figure 4.2). However, when exposed to both insects at the same time, this herbivory effect

was not evident.

The importance of herbivory as a determinant of plant shoot length was more evident in the

high-density mixed cultures (9:9). Here, the length of L. major was significantly reduced by
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herbivory by both agents, regardless of whether they were isolated or combined (Table 4.1;
Figure 4.2). This is in contrast to the response of E. densa reported above, where agents were
only effective in isolation. Surprisingly though, H. egeriae herbivory had a greater impact on
L. major than H. lagarosiphon which is its candidate biological agent. With regards to E. densa,
herbivory was also an important determinant of shoot length within the high-density mixed
cultures (9:9), except for those treatments with only H. lagarosiphon, which was not

significantly different from the control (Figure 4.2).

When the density of plants was varied, only L. major plants that were exposed to both agents
simultaneously had significantly reduced shoot length in the treatment with lower L major
densities (3:9). In this case, the combined effect of the two insects appears to foster biological
control of L. major, rather than restrain it as seen with E. densa. Higher densities of E. densa
within this treatment saw H. egeriae being the only herbivory regime that successfully reduced
shoot growth (Figure 4.2). This pattern changed when looking at the converse results, where
L. major was the dominant plant (9:3). Here, herbivory did not affect L. major shoot length.
Egeria densa on the other hand was significantly affected by H. lagarosiphon relative to the
control, and its biological control agent, H. egeriae did not perform better than the control. In
summary, the biological control agents were more successful at reducing shoot lengths in

mixed cultures (Table 4.2).
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Figure 4.2: Length (mean + S.E, cm) of Lagarosiphon major and Egeria densa as affected by
planting densities and herbivory treatment. Different colours show herbivory treatments, where
Control = No herbivory, E = Hydrellia egeriae, L= Hydrellia lagarosiphon and L+E = both
insects combined. Panels represent starting densities (e.g., 3L=3 L. major, 3E= 3. E. densa).

Different letters denote significant differences between treatments.
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The results of the mean number of shoots showed a similar pattern to mean shoot length
findings (Table 4.2), indicating no significant effect of herbivory on the monocultures of both
species (Table 4.1). This is with the exception of the low-density stands of L. major, where
herbivory by H. egeriae had a significant reduction on the number of shoots produced relative
to the control (Figure 4.3). Note however that although all main terms were significant, the
interaction between plant species and herbivory, as well as the three-way interaction between

the main effects, were not significant (Table 4.1).

For the mixed cultures, herbivory was also not an important determinant of the number of
shoots produced by both plant species in the low-density treatment (3:3) (Figure 4.3). However,
mean shoot number was overall lower for E. densa compared to L. major, and a similar trend
was evident across the different treatments (Table 4.1). In the high-density mixed cultures (9:9),
again we see the effect of H. egeriae being more readily felt by L. major in terms of vegetative
reproduction, while E. densa did not appear to be affected by herbivory from either insect
(Figure 4.3). When the density of plants was varied, the same pattern of H. egeriae dominance

in L. major stands and overall low number of shoots in E. densa was observed.
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Figure 4.3: Number of side shoots (mean + S.E) of Lagarosiphon major and Egeria densa as

affected by planting densities and herbivory treatment. Different colours show herbivory

treatments, where Control = No herbivory, E = Hydrellia egeriae, L= Hydrellia lagarosiphon

and L+E = both insects combined. Panels represent starting densities (e.g., 3L= 3 L. major,

3E=3. E. densa). Different letters denote significant differences between treatments.
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Overall, post hoc test results showed that the influence of herbivory on plant biomass
production was directly influenced by density, although three-way interactions were again not
significant (Table 4.1). Specifically, biomass production of L. major within the low-density
monoculture stands was significantly reduced by both insects in isolation, but not when
combined (Figure 4.4). In the high-density monocultures, the effect of herbivory was not an

important determinant of L. major biomass (Figure 4.4).

The reverse was true for E. densa. Here, low-density stands were not affected by herbivory
while the high-density treatment responded negatively to herbivory by H. lagarosiphon (Table
4.1; Figure 4.4). For the mixed cultures, herbivory treatment did not affect biomass production
of L. major regardless of density, while E. densa was negatively affected by both agents in
isolation at low densities (Figure 4.4). However, at high density, this effect was not observed

(Table 4.1; Figure 4.4).

When the density of L. major was lower than E. densa (3:9), biomass production of L. major
was reduced successfully only when both insects were present, while E. densa was not affected
by herbivory. However, switching the densities around so that L. major was more dominant
(9:3) resulted in both plants having reduced biomass in the presence of herbivory (Figure 4.4).

This is consistent with the other plant parameters reported above (Table 4.2).
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Figure 4.4: Dry aboveground biomass (mean = S.E, g) of Lagarosiphon major and Egeria

densa as affected by planting densities and herbivory treatment. Different colours show

herbivory treatments, where Control = No herbivory, E = Hydrellia egeriae, L= Hydrellia

lagarosiphon and L+E = both insects combined. Panels represent starting densities (e.g., 3L=

3 L. major, 3E= 3. E. densa). Different letters denote significant differences between

treatments.
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The relative growth rate of L. major monocultures was not affected by herbivory, regardless of
density (Table 4.1; Figure 4.5). This finding aligns with the results obtained for shoot length
(Figure 4.1) and vegetative reproduction (Figure 4.3). The same was true for E. densa at low
densities (Table 4.2). However, at high density monocultures, herbivory by H. lagarosiphon
had a negative effect on relative growth rate of this plant but did not affect L. major relative

growth rate (Table 4.1; Figure 4.5).

For the mixed cultures, herbivory treatment did not affect the growth rate of L. major at low
densities, while E. densa was negatively affected by both agents in isolation for this density
treatment (Figure 4.5). However, at high mixed densities (9:9), no herbivory effect was
observed for E. densa, while L. major growth rate was significantly reduced by H. egeriae

(Table 4.1; Figure 4.5).

When plant densities were varied, specifically when the density of L. major was lower than E.
densa (3:9), the growth rate of L. major was reduced significantly only when both insects were
present, while E. densa was only negatively affected by its biological control agent (Figure
4.5). However, when L. major was more dominant (9:3), all herbivory combinations
significantly reduced the relative growth rate of this plant species, while E. densa was again

only responsive to H. lagarosiphon at these densities (Table 4.1; Figure 4.5).
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Figure 4.5: Biomass relative growth rate (mean = S.E, weeks) of Lagarosiphon major and
Egeria densa as affected by planting densities and herbivory treatment. Different colours show
herbivory treatments, where Control = No herbivory, E = Hydrellia egeriae, L= Hydrellia
lagarosiphon and L+E = both insects combined. Panels represent starting densities (e.g., 3L=
3 L. major, 3E= 3. E. densa). Different letters denote significant differences between

treatments.
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Table 4.1: Generalised linear model-ANOV A summary results for each plant parameter.
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Plant parameter Coefficients X2 Df P
Density 51987 |7 |<0.001
Plant 42415 |1 |<0.001
Herbivory 39.893 |3 |<0.001
Shoot length (cm) | Density: Plant 30.601 |3 |<0.001
Density:Herbivory | 124.555 | 21 | <0.001
Plant:Herbivory 16.220 |3 |0.0012
Density:Plant:Herb | 50.718 |9 | <0.001
Density 40.035 |7 |<0.001
Plant 117.679 | 1 | <0.001
Herbivory 92.709 |3 |<0.001
Shoot number Density: Plant 9.036 3 0.028
Density:Herbivory | 70.169 | 21 | <0.001
Plant:Herbivory 7.199 3 | 0.065
Density:Plant:Herb | 9.084 9 10.429
Density 132.125 | 7 | <0.001
Plant 6.041 1 0.014
Herbivory 86.447 |3 |<0.001
Density:Plant 2.494 3 0.476
Plant biomass () | Density:Herbivory | 35.846 |21 | 0.023
Plant:Herbivory 5.548 3 0.136
Density:Plant:Herb | 9.509 9 0.392
Density 113.541 | 7 | <0.001
Plant 8.015 1 |0.005
Herbivory 62.902 |3 |<0.001
Relative growth | Densiry:Plant 1.849 3 0.604
rate (weeks) Density:Herbivory | 34.181 |21 | 0.023
Plant:Herbivory 9.443 3 0.024
Density:Plant:Herb | 15.671 |9 0.074




Table 4.2: Summary of the response of Lagarosiphon major and Egeria densa to herbivory as
driven by planting densities. Black= no herbivory effect, Red= all herbivory treatments have
an impact, Purple= effect only when both agents are present simultaneously, Green= only
Hydrellia egeriae has an impact, Blue= only Hydrellia lagarosiphon has an impact, Green +

Blue= both agents have an impact on that treatment only when isolated.
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4.3.2. Reciprocal yield models

The results obtained from reciprocal yield models provide further insight into the influence of
intraspecific and interspecific competition on the growth of two plant species studied here, as
well as the impact of herbivory from their biological control agents on these interactions.
Overall, competitive interactions were varied depending on the herbivory context. The
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following figures illustrate the changes in competitive relationships based on three-dimensional
reciprocal yield planes corresponding to the competition coefficients for the L. major and E.
densa plant species under investigation here. The higher the values on the figure, the lower the
actual yield, and the greater the slope, the larger the competitive coefficient. The slope in one
direction represents the effect of the density of one plant species on its own yield (intraspecific
competition), while a slope in the other direction represents the effects of density across the

two species (interspecific competition).

Multiple linear regressions of reciprocal yield showed that intraspecific competition within L.
major had no significant influence on the growth of this plant for the control treatment and
when exposed to both insects simultaneously (Table 4.3; Figure 4.6A and D, respectively).
However, when the insects were isolated, both had a significant effect on L. major growth
(coefficient = 0,118; P=0.021 for H. egeriae; and coefficient =0.078, P= 0.014 for H.
lagarosiphon), which intensified competition between individual plants (Table 4.3), evident by
the steep slope of the regression planes towards the x-axis where L. major density is represented
(Figure 4.6B-C). Here, intraspecific competition within L. major plants was greater in the

presence of H. egeriae compared to H. lagarosiphon.

Interspecific competition on the other hand was affected by all herbivory treatments for L.
major plants (Table 4.3), evident by the direction of the slopes, where exposure to both insects
simultaneously led to the greatest competitive interaction between the two plants at 0.141
relative to 0.033 for the control (Figure 4.6A-D). These findings further support the earlier
observations on plant parameters, which indicated that herbivory had significant effects on
shoot length, shoot number, biomass production, and relative growth rate of L. major

depending on plant densities.
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The highest competitive ratio for L. major was found when the two plants were competing in
the presence of H. lagarosiphon, with 1 L. major being equivalent to 1.7 E. densa plants (Table
4.3). This indicates that L. major had a slight competitive advantage over E. densa when
competing in the presence of this insect (Figure 4.6B). The lowest ratio of competition was
observed when plants were competing in the presence of both insects simultaneously, as well
as in the absence of both insects (Table 4.3) (Figure 4.6D). Generally, the competitive
interactions between L. major and E. densa were highly dependent on the herbivory context
but were overall mild as no values were greater than 2 to signify real competitive advantage

(Table 4.1, Figure 4).
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Figure 4.6: Multiple regression planes demonstrating the combined effect of Lagarosiphon major (L density) and Egeria densa (E density) planting densities
on the inverse mean dry aboveground biomass (1/g) of one L. major plant, according to herbivory treatment (A= Control, B= Hydrellia egeriae, C= Hydrellia
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lagarosiphon and D= Both H. egeriae and H. lagarosiphon). Points indicate observations (n=4 for treatment and n=3 for control) and the vertical lines between

data points represent the residuals. Values on X and Z axes represent planting densities at the beginning of the experiment.

Table 4.3 Multiple regression analysis of above ground competition, in terms of dry biomass, between Lagarosiphon major and Egeria densa grown under

different densities and herbivory regimes.

Ratio of
Intraspecific Interspecific
1/g/Plant Herbivory | Intercept - - competition R? F df
competition competition
coefficients
Control 0.151 0.006; P=0.614 0.033; P=0.004 0.190 0.438 | 5.838 | 2;15
H. egeriae -0.227 0.118; P=0.021 0.102; P=0.006 1.169 0.459 | 8471 | 2;20
Lagarosiphon
] H. lag 0.009 0.078; P=0.014 0.057; P=0.024 1.368 0.384 | 6.544 | 2;21
major
Both 0.508 -0.024; P=0.623 0.141; P=0.001 -0.171 0.425 | 7.018 | 2;19
Control 0.092 0.03; P=0.005 0.021; P=0.011 0.700 0.5 9.642 | 2;15
H. egeriae 0.128 0.094; P=0.106 0.088; P=0.061 0.936 0.244 | 3.393 | 2;21
Egeria densa
H. lag 0.904 -0.0125; P=0.879 0.149; P=0.033 -11.920 0.199 | 2.619 | 2;21
Both 0.502 0.014; P=0.74 0.057; P=0.11 4.071 0.127 | 1.378 | 2;19
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The results for E. densa reveal some contrasting patterns compared to what was observed above
for L. major. In the case of intraspecific competition within E. densa, the reciprocal yield
models indicated that only in the absence of herbivory was there a small but statistically
significant intraspecific competition within E. densa plants (coefficient = 0.03, P=0.005), and

the introduction of herbivory negated this interaction (Table 4.3; Figure 4.7A-D).

On the other hand, both the control treatment and E. densa plants exposed to H. lagarosiphon
showed a significant effect of interspecific competition on biomass yield, with the greatest
competition coefficient being 0.149 for H. lagarosiphon and 0.021 in the absence of herbivory
(Table 4.3; Figure 4.7A and C, respectively). Surprisingly, the E. densa biological control
agent, H. egeriae, was not a significant determinant of both interspecific as well as intraspecific

competition for this species regardless of the marked slope (Table 4.3; Figure 4.7B).

In terms of the magnitude of competition between the two plant species, the lowest competitive
ratio for E. densa was found when the plants were not exposed to herbivory (Table 4.3; Figure
4.7D). For this treatment, one E. densa plant was equivalent to 0.70 L. major plants, thus
showing the importance of mild interspecific competition rather than intraspecific competition
under these conditions. Furthermore, despite the apparent relative dominance of E. densa when
plants were exposed to both insects at the same time, evidenced by the 4.07 competitive ratio,
this herbivory regime was not statistically significant in terms of determining competitive
interactions (Table 4.3). The low R? value further shows that other factors that were not
recorded for this study (e.g., temperatures and light availability) may be responsible for the

observed competitive interactions (Table 4.3).

Lastly, the greatest ratio of competition was observed when plants were exposed to H.
lagarosiphon herbivory only, at -11.92 E. densa plants for every L. major plant (Table 4.3;

Figure 4.7D). The negative value here shows that one L. major plant was facilitating an
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equivalent of approximately 12 E. densa individuals under these conditions. In other words, E.
densa becomes a superior competitor here. However, again, even though interspecific
competition was found to be significant, herbivory only explains around 20 % of the variation
observed in the data (Table 4.3). In summary, the reciprocal yield models show that L. major
was overall more responsive to herbivory treatments in terms of competitive interactions
compared to E. densa, while for the latter, interactions were mainly determined by plants

exposed to H. lagarosiphon only (Table 4.3).
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Figure 4.7: Multiple regression planes demonstrating the combined effect of Lagarosiphon major and Egeria densa planting densities on the inverse mean dry
aboveground biomass (1/g) of one Egeria densa plant, according to herbivory treatment (A= Control, B= , C= Hydrellia lagarosiphon and D=
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Both insects). Points indicate observations (n=4 per treatment) and the vertical lines between data points represent the residuals. Values on X and Z axes
represent planting densities at the beginning of the experiment.
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4.4. Discussion

The analysis of plant parameters and reciprocal yield models presented here provides valuable
insights into the interactions between herbivory, competition, and plant fitness in the context
of L. major and E. densa plant communities as determined by planting densities. These types
of models have previously been used to study plant competition in the presence of herbivory
(Van, 1999; Coetzee et al., 2005 and Martin et al., 2014; 2018). They are also a useful tool for

investigating the competitive ability of invasive species against native species.

In contrast to findings by Strange (2017), there was no strong competitive interaction between
L. major and E. densa for the current study with regards to competitive ratios, although plant
parameter comparisons showed the former to be overall more successful. This was especially
true in low density cultures. According to Strange (2017), E. densa was a far more superior
competitor relative to L. major. However, those studies did not include a herbivory effect, and
there were high mortalities of L. major recorded, seemingly due to high temperatures. On the
other hand, various studies have found that L. major tends to be a superior competitor outside
its native range, with the ability to actively outcompete other submerged macrophytes, such as
M. spicatum, M. triphyllum (Haloragaceae), E. canadensis and E. densa (Rattray et al. 1994;

James et al. 1999; Hofstra et al. 1999; Caffrey et al. 2010).

In general, L. major was able to tolerate herbivory when planted in isolation, regardless of
starting density. This highlights the potential limitations of the candidate biological control
agent, H. lagarosiphon, in effectively controlling L. major, as mostly it was H. egeriae or at
least both species in combination driving the observed changes in L. major growth. This is
contrary to expectations based on previous studies which showed that H. lagarosiphon affects
plant growth and is damaging and specific enough to be considered for biological control of L.

major (Baars et al., 2010; Martin et al., 2013).
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Alternatively, it is also possible that the observed tolerance is due to limited insect numbers,
which were probably not high enough to make a significant reduction in plant growth under
these conditions. According to Mangan & Baars (2016), densities of three to four H.
lagarosiphon larvae per shoot tip are required for effectively reducing the growth of L. major.
However, herbivory inoculation for this study only used two larvae per plant shoot due to the

size of the experiment, and the unavailability of large enough insect numbers.

In most instances, co-occurrence of biological control agents reduced efficacy of E. densa
control, relative to when plants were only exposed to H. egeriae. Although these insects have
been shown to have preferences for their host plant (Baars et al., 2010 and Martin et al., 2013
for H. lagarosiphon on L. major and Cabrera Walsh et al., 2013 for E. densa), they are also
able to feed and reproduce on either species, although not over multiple generations (Smith et
al., 2019). Therefore, the reduced efficacy might be due to competition between the two insects
for this plant species. This is because H. egeriae and H. lagarosiphon have very similar life

histories, which means they can compete for resources such as oviposition sites and food.

A systematic review by Stephens et al. (2013) showed compelling evidence of this competition
phenomenon. They investigated the effect of releasing multiple natural enemies on plant
performance of various species and found that insects feeding on the same part of the plant had
antagonistic effects. An earlier similar review showed that insects that are closely related, as is
the case here, are likely to compete more aggressively for resources (Denno et al., 1995). On
the other hand, while co-occurrence of the two species of insects reduced efficacy for E. densa
control, combining H. lagarosiphon and H. egeriae was overall more efficient in reducing L.
major fitness. In this case, the presence of H. egeriae appeared to complement H. lagarosiphon

efforts.
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Studies by Smith et al. (2019) have shown that L. major is susceptible to herbivory by H.
egeriae. However, the release of this insect was permitted because the risk of non-target effects
on L. major was shown to be minimal compared to E. densa for that investigation. However,
for the current study, the effect by the candidate biological control H. lagarosiphon was mostly
negligible, while non-target effects by H. egeriae were significant. Thus, H. egeriae appeared
to be more non-discriminant than H. lagarosiphon in terms of host selection and overall
damage. However, according to Smith et al. (2019), the native L. major is unable to sustain H.
egeriae beyond three generations. Thus, despite the results obtained here, this insect is not a

threat to native populations of L. major in South Africa.

Nevertheless, this is still in contrary to the expectation that each insect would affect its target
weed more readily than the non-target. Therefore, this might possibly be a density effect more
than a herbivory effect. Indeed, L. major was generally more successful at competing for
resources than E. densa in terms of vegetative growth, provided that there was no biological
control effect. Furthermore, overall insect performance was better in mixed cultures,
presumably due to reduced plant fitness under interspecific competition (Aerts., 1999). This is
similar to findings by Martin et al. (2018) on the same species. These findings highlight the

importance of plant density in mediating the impact of herbivory.

Reciprocal yield models revealed that in the absence of herbivory, as well as in cases where H.
lagarosiphon and H. egeriae co-existed, intraspecific competition did not play an important
role in determining L. major growth. Rather, interspecific competition was the main
determinant of L. major growth under these conditions. However, the ratio of competition
between the two plant species showed only a mild interaction, with L. major being only 19%
as competitive as E. densa under natural conditions. This reduced competitive edge has also
been documented by Strange (2017) between these two species, but the strength of the
interaction was far greater than what was observed here.
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Competition between these two plants was directly influenced by all herbivory regimes,
emphasizing the dominance of herbivory effects in determining overall competitive
interactions and performance in mixed cultures (Martin et al., 2018). Various other studies have
shown the pivotal role that herbivores play in shaping competitive interactions, and therefore
overall plant community structures (Coetzee et al. 2005; Caffrey et al. 2010; Fan et al., 2013).
In this case, herbivory by H. lagarosiphon resulted in L. major having a slight competitive
advantage over E. densa, presumably due to compensatory growth or tolerance to herbivory
which was also evident in the plant parameters. Alternatively, this could be an artifact of low

insect numbers (Mangan, 2016), as stated in the previous section.

As expected, H. egeriae also promoted slight competitive dominance of L. major by feeding
on, and therefore reducing, the competitive ability of E. densa (Smith et al., 2019). However,
overall, competitive ratios showed that L. major did not have a pronounced competitive
advantage to E. densa, regardless of herbivory regime. This is in contrast to the hypothesis that
biological control will promote or reduce competitive interactions as seen in previous studies
(Coetzee et al. 2005; Martin et al., 2018). Furthermore, numerous studies have consistently
found L. major to more competitive relative to various other species (Rattray et al. 1994; James
et al. 1999; Hofstra et al. 1999; Caffrey & Acevedo 2007; Caffrey et al., 2010). The lack of
great competitive dominance in this case may be due to abundance of resources and factors

beyond the scope of this study such as light and oxygen.

With regards to E. densa, intraspecific competition was in fact evident in the absence of
herbivory, highlighting the importance of competition for resources within this species under
natural conditions, although the effect was only marginal. This type of competition is usually
more dominant due to similarities in resource acquisition (Van et al. 1999; Coetzee et al. 2005;
Martin et al. 2013; Monacelli & Wilcox, 2021). Nevertheless, the introduction of herbivory
disrupted this interaction, thereby further outlining the influence of herbivory in altering the
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competitive dynamics in plant communities (Coetzee et al. 2005; Fan et al., 2013; Martin et

al., 2018).

Interspecific competition was an important determinant of plant yield only when plants were
not exposed to herbivory or only exposed to H. lagarosiphon. The low competitive ratio in the
absence of herbivory might be an indication that E. densa and L. major are able to co-exist in
natural conditions, with the latter even being slightly more competitive. There are no currently
reported co-occurrences of these two plant species in the South African native range of L.
major, but there is evidence of co-occurrence in New Zealand, with L. major being the

dominant of the two species (Chapter 2, pers. obs).

According to the results of reciprocal yield, the introduction of H. lagarosiphon had a
facilitative effect on the yield of E. densa, with 1 L. major facilitating the growth of close to
12 E. densa plants. This is a surprising, but not an unexpected finding as H. lagarosiphon is
said to have a preference for L. major (Martin et al., 2013; Mangan & Baars, 2023), which
would naturally reduce its competitive ability (Martin et al., 2018). This may even translate to
a facilitative effect if the wounded plants change the water/soil chemistry in the surrounding
area to favour E. demsa growth. Facilitative interactions are not uncommon in plant
communities (Thiébaut et al., 2019; Silveira & Thiébaut, 2020). For example, Monacelli &
Wilcox (2021) reported native species having a facilitative effect on invasive species seed

production.

In general, this study highlights the intricate interplay between herbivory and competition in
shaping plant community dynamics. Interspecific competition between the plants appears to
have played a significant role in increasing the overall efficacy of biological control agents,
with specific reference to L. major. This is because the presence of other plant species tends to

reduce plant fitness, as resources need to be allocated to growth for successful competition for
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resources, as well as defences to overcome the effects of herbivory (Aerts., 1999). On the other
hand, herbivory success was also affected by competition between the two insects. In many
cases, when both insects were present, they competed for resources, which reduced their overall
efficacy in controlling E. densa, whereas, for L. major, the insects were generally more
successful at reducing plant fitness when co-occurring. This is something that needs to be

considered when selecting insects for biological control programmes.

Furthermore, according to this study, L. major may be more difficult to control than E. densa,
as it was shown to have higher overall fitness (in terms of plant parameters) and also lower
intraspecific competition, which may allow it to dominate the aquatic vegetation in some
habitats, as is the case in many aquatic ecosystems in New Zealand (Rattray et al. 1994). In
this regard, it may be better to rather use E. densa and H. egeriae as a flagship of submerged
aquatic plant biological control in New Zealand as this system already has a proven track
record. This insect been shown to significantly affect the leaves of E. densa in both South
America and South Africa (Cabrera Walsh et al., 2013; Smith et al., 2019; Smith, 2021). The
successful introduction and implementations of this project could then be used as a motivation
to funding agencies for continued work with other macrophytes such as L. major, and control
agents such as P. turbucinatum. The same management strategy could be adopted in Ireland

and the United Kingdom, where these species are also causing significant ecological harm.

Overall, the effect of herbivory on plant growth is complex and depends on several factors,
including the density of the plants, the type of insect, and the presence of competition between
the insects and between plant species. Nevertheless, the results of this study could be
instrumental in the development of more effective strategies for managing aquatic invasive
plant species by guiding prioritisation efforts for biological control. However, a more holistic
approach to invasive plant management is also recommended, which involves prevention, early
detection, rapid response, integrated control, monitoring, and evaluation.
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Chapter 5: Modelling the distribution of Lagarosiphon major

and its potential biological control agents in invaded ranges.

5.1. Introduction

Loss of biodiversity due to climate change has become one of the key features of the
Anthropocene (Rahel & Olden, 2008). In the 2007 report, the Intergovernmental Panel on
Climate Change (IPCC, 2007) projected a 0.2 °C increase in temperature per decade. Although
this might seem like a minor change, it has far-reaching implications for plant communities
(McGregor & Gourlay, 2002; Van Ginkel, 2011; Hill & Coetzee, 2017), especially those with
limited habitats and endangered species (Khanum et al., 2013). The spread of invasive species
undermines the efforts of biodiversity conservation, which is crucial to the continued
functioning of our ecosystems (Sheldon & Creed, 1995; Vila et al., 2007). Furthermore, the
projected changes in future climates could help facilitate further spread of these invasive alien
species through the expansion of suitable areas (Coetzee et al., 2007). In addition, non-invasive

species may also become problematic in future, due to climate change.

The previous chapters investigated the role of biotic factors such as enemy release (Chapter 2
and 3) and competition (Chapter 4) in facilitating aquatic plants invasions. The current chapter
explores the role of abiotic factors, specifically climatic factors. Making use of climate models
and machine learning to predict how changes in temperature, humidity, and rainfall will
influence the spatial distribution of invasive species over time should form the basis of any
management or conservation plan. This is because these types of studies may be useful in
helping to prioritise conservation efforts in areas that are identified as the most vulnerable to

invasive species expansion (Kumar et al., 2014). Furthermore, biological control programmes
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also benefit immensely from these types of studies, as we can predict the ideal areas for use of

a specific agent through climate matching (Sutton, 2019; Minuti et al., 2022).

One of the requirements for an effective biological control programme is ensuring climate
suitability for the introduced agent. This is because the development times, survival, and
reproductive rates of many insects are directly influenced by a variety of climatic factors,
including temperature, humidity as well as precipitation (Smith et al., 2022). Therefore,
biological control agent establishment, distribution and overall abundance will ultimately be
determined by these climatic factors in the introduced range. Indeed, studies have shown that
climate incompatibility between native and invaded range may lead to the failure of an

otherwise good biological programme (Fisher et al., 2011; Harms et al., 2021).

Correlating known localities to a variety of bioclimatic data through machine learning allows
researchers to predict areas with the suitable climatic envelope for the species at hand before
even going out into the field (Sutton, 2019). Desktop studies such as species distribution
modelling and ecological niche modelling provide a cost-effective way of assessing the
suitability of a biological control agent while the project is still in the early stages. This is
because the development of a valuable biological control programme can cost close to $ 5 000
000 (Paynter et al., 2015) due to the amount of fieldwork and manpower required in the early
stages. Thus, incorporating species distribution models in such projects can help prioritise

biological control agents which have a better potential of establishment in the invaded range.

There are many techniques to Species Distribution Modelling (SDM) and Ecological Niche
Modelling (ENM). One such technique is the Maximum Entropy Species Distribution
Modelling (MaxEnt) algorithm which has been used extensively to predict species distribution
for presence-only data (Phillips et al., 2017). This modelling approach is usually preferred over

others due to its ability to use both presence data as well as categorical variables (Coban et al.,
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2020). MaxEnt modelling is also reliable for use in studies with a small sample size (limited
presence points) (Phillips et al., 2017). For example, Hernandez et al. (2006) found that MaxEnt
was the most capable method of modelling rare species distribution out of the four methods

they tested, producing useful results even with sample sizes as small as 5 occurrences.

Freshwater plants, such as Lagarosiphon major, are highly sensitive to temperature change
(Coetzee et al., 2007; Heino & Toivonen, 2009; Riis et al., 2012). This submerged aquatic plant
is native to southern Africa and is invasive in many parts of the world, including Europe, New
Zealand, the United Kingdom, and Ireland (Wells et al., 1997; Champion & Tanner, 2000;
McGregor & Gourlay, 2002). Lagarosiphon major exhibits characteristics of an ecosystem
engineer as it can modifying its immediate environment, thereby promoting its own dominance
over other co-occurring macrophytes. This modification is primarily achieved through
sediment trapping which results in broader changes in the biogeochemical conditions of the
invaded environment (Caffrey & Acevedo in 2007). Consequently, within its invaded range,
this species has the potential to diminish overall biodiversity and therefore ecosystem services,
leaving behind monophyletic stands which further exacerbate sediment accumulation (Clayton,

1996).

Resource managers are therefore required to implement control measures to reduce these
impacts. However, management of L. major using traditional means such as chemical and
mechanical removal has proven to be challenging, as this plant can germinate from even small
fragments leftover in the system (McGregor & Gourlay, 2002; Caffrey & Acevedo, 2007,
Hussner et al., 2017). Because of this, biological control options have been explored. Previous
studies identified two potential biological control agents, Polypedilum tuburcinatum and
Hydrellia lagarosiphon, which cause considerable damage to L. major in South Africa (Baars

et al., 2010; Deeming, 2012).

113 |Page



Plans are underway to get these two agents released in New Zealand and Ireland, as preliminary
host specificity tests and risk assessment show limited risk of nontarget effects on the native
flora of both regions (Baars et al., 2010; Earle et al. 2013; Deeming, 2012; Martin et al., 2013;
Mangan & Baars, 2023). Nevertheless, novel climate in the introduced range will also play an
important role in the establishment and efficacy of these biological control agents should
permission for release be granted. This is an important consideration as climate mismatches
are especially common in cases where the source population is being transferred from tropical
to more temperate or subtropical regions (see review by Harms et al., 2021). In the case of L.
major and its candidate agents however, both the plant and insects are restricted to high-lying
areas of South Africa which tend to be more temperate (Baars et al., 2010; Martin et al., 2013),
similar to New Zealand climate. Nevertheless, exploring how global warming in future
climates might influence the suitable range for both L. major and its potential biological control

agents is of major importance to the overall management of this species.

Besides the correlative modelling described above, another way to predict climate suitability
is the use of degree day modelling. This provides a mechanistic approach to predicting climate
suitability by making use of known biological data of the organism in question together with
local climate data (Coetzee et al., 2007; Kearney et al., 2010). The end product is cumulative
effect of temperature on reproduction above a specified threshold which is typically informed
by the organism’s life tables which arise from empirical observations and experimentation. For
example, Smith et al. (2022) used this modelling approach to show that Hydrellia egeriae

would be able to persist in all sites invaded by Egeria densa in South Africa.

Although a useful tool, degree-day modelling should be accompanied by estimates of
reproductive success, because population persistence is not only linked to generation turnover,
but also is directly dependent on net reproductive rate (Ro). Here, Ro with values less than 1 is
an indication that populations might not be sustainable, while values greater than 1 are
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indicative of successful population persistence (Deevey, 1947). For example, using both
methods, Mangan and Baars (2013) predicted that H. lagarosiphon was climatically suitable
for release in most parts of Europe and Ireland invaded by L. major, as most investigated sites

showed that populations of this agent would successfully persist in these regions.

Species distribution is expected to change under future climate scenarios. Thus, the aim of this
chapter is to predict how changes in temperature, humidity, rainfall, and other bioclimatic
variables will affect the distribution of L. major in New Zealand, Australia and Europe (invaded
range) through the use of MaxEnt climate modelling. I also examined whether there are any
projected mismatches between L. major and two of its natural enemies and potential biological
control agents, P. tuburcinatum and H. lagarosiphon in New Zealand using correlative as well
as mechanistic modelling. Lastly, this study will determine the bioclimatic envelope of L.
major and its potential agents in both regions and reveal which climatic data best determines
the observed distribution. These results will be instrumental in the management of L. major in
the invaded range under future climates as understanding possible changes in the distribution
of this species will be vital in the successful implementation of regulations and management

plans.

5.2. Materials and methods

5.2.1. Species occurrence records

The accuracy of any species distribution model is directly tied to the quality of occurrence data
used, and this is determined primarily by site accessibility as well as sampling effort (Minuti
et al., 2022). Online databases are also reliant on effective data sharing, and as such they are

susceptible to sampling bias reporting, leading to over or underrepresentation. This can be
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offset by effective data cleaning and selecting the correct parameters during modelling

selection.

For the current study, worldwide occurrence records of L. major were downloaded from the

Global Biodiversity Information Facility (GBIF) portal (https://www.gbif.org/) and
supplemented with data obtained from field surveys carried out by the authors. After extensive
data cleaning, removal of duplicate records, cell filtering (one record per 2.5 arc min resolution)
and spatial thinning, the final dataset had 803 global occurrence records (Figure 5. 1). The
global species distribution of L. major was modelled using the cleaned total occurrence data

set and then cropped to the regions of interest for further analysis and evaluation.
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Figure 5.1: Worldwide distribution of Lagarosiphon major, with 4181 uncleaned occurrence
records. Data cleaning removed 2529 occurrence localities that shared the same grid cell, 6
occurrence points with NA predictor variable values, and spatial thinning removed 1720

records, resulting in 803 remaining occurrence points for modelling.
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5.2.2. Environmental variables

Predictive environmental variables for both current and future climate were sourced from the
WorldClim database 2.1 (https://www.worldclim.org/data/worldclim21.html) at a special
resolution of 2.5 arc minutes (~5 km). This provides a set of 19 bioclimatic variables which are
derived from measures of rainfall, temperature, and altitude from weather stations all around
the world, indicative of annual, quarterly, and monthly means, as well as extreme ranges (Fick
& Hijmans,2017). The available data also gives future climate projections from the IPPC5

Global Climate Models (GCM).

In order to predict the future distribution of L. major and its potential two biological control
agents, spatially downscaled bioclimatic variables were extracted from the WorldClim
database using RStudio (v2022.07.1+554). Using the getData command from the raster
package, I downloaded atmosphere-only GCM (ACCESSI1.0) projections following the
Coupled Model Intercomparison Projects 5 (CMIPS5) protocol and using the 8.5 Representative

Concentration Pathway (RCP) of greenhouse gas for the year 2080.

The WorldClim database has been used extensively in previous studies to model species
distribution for a variety of organisms (Khanum et al., 2013; Khosa et al., 2019; Sutton, 2019;
Minuti et al., 2022). Due to the unavailability of accurate water quality data relevant to species
distribution modelling in freshwater systems, atmospheric variables such as those offered by
this database are usually used as proxies (Khosa et al., 2019; Minuti et al., 2022). These
variables are considered effective predictors of macrophyte niche distribution and have been

used in similar studies (Coetzee et al., 2007; Hoveka et al., 2016).

The model outcome of species distribution modelling is determined by the predictive
environmental layers used, and the most relevant layers depend on the species under

investigation. Furthermore, including highly correlated predictor variables may lead to model
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overfitting and overall poor model optimisation (Kass et al., 2021). Therefore, only
uncorrelated bioclimatic variables (correlation coefficient < 0.75) which were predetermined
using vifcor (usdm package in RStudio) were used to train the model for current L. major

distribution (Table 5.1).

Table 5.1: Bioclimatic envelope of Lagarosiphon major based on occurrence data. N= 574

for global and N=74 for SA

Variable Global mean | Native mean
Mean diurnal range in temp (°C, Bio 2) 9.68+2.02 14.26+1.36
Mean temperature of wettest quarter (°C, Bio 8) | 10.34+4.16 19.6£2.1
Mean temperature of driest quarter (°C, Bio 9) 14.12+4.58 10.33+2.46
Precipitation of driest month (mm, Bio 14) 71.23+44.89 | 10.51£5.48
Precipitation seasonality (CV) (mm, Bio 15) 23.27+18.15 | 66.05+12.84
Precipitation of warmest quarter (mm, Bio 18) 294.5+135.79 | 337.47+£86.02

In order to determine and visualise niche overlap between the distribution of L. major in the
native (SA) as well as invaded ranges, a Principal Component Analysis (PCA) was run in
RStudio. To do this, the raster package was used to extract bioclimatic data for each occurrence
point, and this was then used to produce a niche overlap summary using the first two

dimensions of the PCA.

5.2.3. Species distribution modelling

Current climate suitability and projected changes in habitat suitability under future climates
were modelled using the maximum entropy algorithm. This was implemented using the

ENMeval package (v2.03) in RStudio using manxent.jar (v3.4.3) from the dismo package
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(v1.3.8). This package offers an automated way of selecting the best model settings to use when
running MaxEnt (Kass et al., 2021). This is an important step in SDM as model complexity
may lead to overfitting when the default settings are used. The automation of model tuning also
allows for transferability and reproducibility of results, which is always an important
consideration in any scientific study. The ENMeval package has gained popularity in

ecological niche modelling due to its ease of use (see review by Kass et al.,2021).

Spatial partitioning and cross-validation using the block method also reduced the effect of
sampling bias and ensured increased special extrapolation to novel conditions in the case of L.
major. The jackknife partitioning method was more appropriate for the two biological control
agents, due to the small sample size (H. lagarosiphon = 42, P. tuburcinatum = 27). Pseudo-
absence points necessary for running the presence-only MaxEnt algorithm were randomly
generated from the species-defined background within ENMevaluate during model evaluation
and selection. The selection of these pseudo-absences has a significant influence on the
resultant projections (Phillips et al., 2017; Kass et al., 2021), thus the random.seed command

in RStudio was used in order to get the same random points each time and ensure duplication.

Model settings from the ENMeval output which best minimised the Akaike Information
Criterion corrected for small samples sizes (AICc) were used to run the suitability models. The
resultant models from this also gave the maximum Area Under the Curve (AUC) scores (Table
5.2), a metric used to evaluate model performance, where a value of 0.5 indicates a model that
is not different from a randomly generated one, and 0.75 is indicative of an acceptable model,

while values closer to 1 indicate high model performance.

The final products from these models were set to produce cloglog transformed MaxEnt output
maps which predict the probability of species occurrences. These maps were also converted

into binary maps of presence or absence using 10 Percentile Training Presence threshold, in
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order to make predictions about actual changes in km? and percentages. In order to determine
climate compatibility for the two biological control agents in New Zealand, the resultant
models which were trained with South African presence data was projected onto New Zealand

for both current and future climates.

Table 5.2: Best MaxEnt model settings with maximum AUC from the ENMeval package.

Species and area | Feature class | RM AUC CBI 10p

Global L. major | LQH 1 0.962 0.927 0.277
H. lagarosiphon | LQ 2 0.868 0.763 0.158
P. tuburcinatum | LQ 2 0.871 0.867 0.192

5.2.4. Degree-day modelling and net reproduction

Hydprellia lagarosiphon development data from Mangan & Baars (2013) as well as daily
minimum and maximum temperatures from local weather stations around invaded areas in New
Zealand were used to predict population persistence of H. lagarosiphon in those regions. The

weather data was sourced from the Cliflo database (https://cliflo.niwa.co.nz/) which provides

access to a variety of climate data from more than 600 stations. Temperature data from the past
10 years (2012-2022) was requested from 18 weather stations across New Zealand and used in
the following equation 5.1 to estimate the number of generations this potential agent would be

able to complete at the specified sites based on mean accumulated degree-days:

Equation 5.1: K=Y (Tmax+Tmin)/2-t (where Tmin <t, t was used)

Here, Tmax and Tmin represent mean daily minimum and maximum temperatures at each site,
and 7 represents the lower development threshold which was determined to be 7.5 °C for H.
lagarosiphon by Mangan and Baars (2013). Furthermore, the study also determined Ro to be
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estimated by the following equation: Ro=-10.5507 + 01.1995y + 0.0035y2, where y represents
the daily average temperature per site. Using the reduced major axis regression equation
(Ikemoto & Takai, 2000), they estimated that H. lagarosiphon requires 571-degree days above
their development threshold of 7.5 °C (Mangan & Baars., 2013). For the current chapter, y was
substituted by relevant temperatures for New Zealand, and the resultant values were averaged
over the entire year to give net reproductive rate per year at each site. As noted previously, a
value less than 1 was taken as an indication that population persistence would not be possible.

All data analyses and visualizations were done in the R environment (R Core Team, 2023).

5.3. Results

The high AUC and CBI scores (0.962 and 0.927 respectively) revealed that the current L. major
global distribution was predicted very well by the MaxEnt models settings selected from
ENMeval compared to random (AUC= 0.5) (Table 5.2). The PCA showed a separation in the
distribution of L. major in environmental space across the three different regions, with a slight
overlap between the native range of South Africa and Europe, as well as a complete separation

between South Africa and New Zealand (Figure 5.2).
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Figure 3.2: Principal Component Analysis for Lagarosiphon major occurrence records as
separated by bioclimatic variables compressed into 2 dimensions (PCl= 78%, PC2= 2%.

Ellipses indicate the 95% confidence interval.

5.3.1. Lagarosiphon major ecological niche modelling

Current and future suitability maps for L. major in the invaded range are presented in Figure
5.3, with warmer colours indicating areas of high predicted climate suitability (red=high
probability of suitability, green= typical L. major climate envelop, blue=probably unsuitable).
For New Zealand, the continuous probability maps show that the majority of the North Island
is currently highly suitable for L. major growth, and future climates are only going to slightly
reduce suitability. In the South Island, the maps show a range shift in highly suitable areas from
a more even distribution in current climates to a more southern shift (Figure 5.3A-B). For
Australia, L. major suitability is currently restricted to New South Wales, Victoria, and
Tasmania. According to future climate projections, the suitability of L. major will not change

122 |Page



much for this region (Figure 5.3C-D). Climate suitability for L. major in Europe is currently

mainly restricted to the western region, with very high projected suitability in France, Ireland

and the United Kingdom (Figure 5.3E). Results from future climate modelling indicate a shift

toward Eastern Europe (Figure 5.3F).
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Figure 5.3: MaxEnt ecological niche modelling for Lagarosiphon major. Future predictions
(2080) were modelled using climate scenario RCP 8.5. Warmer colours indicate higher
predicted L. major suitability. (A) Currently suitable area in New Zealand, (B) Future climate

suitability in New Zealand, (C) Current suitability in Australia, (D) Future climate suitability

in Australia, (E) Current suitability in Europe and (F) Future climate suitability in Europe.

To make inferences about the actual spatial extent of L. major suitability in km?, the continuous
probability of suitability maps were converted to binary maps using the 10 Percentile Training
Presence Threshold. According to these maps, the currently suitable area for L. major growth
in New Zealand is 263119 km? (indicated by green), approximately 93% of the total available
area (Figure 5.4A, Table 5.3). This is projected to increase slightly to about 272830 km? (3.7%

increase indicated by red) under future climates (Figure 5.4A, Table 5.3).

In Australia, the current suitable niche for L. major invasion is predicted to be around 260533
km? (indicated by green in Figure 5.4B, Table 5.3), representing only about 3.3% of the
country. While a 12% range reduction to 229623 km? is expected in the future (indicated by

red, Figure 5.4B, Table 5.3). In Europe, the currently suitable area for L. major invasion is
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approximately 12% (1736495 km?), and this is projected to decrease by around 4% to 1663846
km? under future climate scenarios (Figure 5.4, Table 5.3). There is also an overlap between

current and future suitability, as well as a range expansion and shift towards the east.
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Figure 5.4: Binary maps of Lagarosiphon major climate suitability change for (A) New
Zealand, (B) Australia and (C) Europe. Grey= not suitable, green= currently suitable, and red=

future suitability.
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Table 5. 1: Current and future raster area (km?) suitability.

Species and area Total (km?) | Current (km?) | Future (km?) | Change
L. major New Zealand | 282886.4 263119 272830 +3.7 %
L. major Australia 7786129 260533 229623 -12%
L. major Europe 14177694 1736495 1663846 -4%

H. lagarosiphon 282886.4 31009 25839 -17%
P. tuburcinatum 282886.4 26502 24377 -8%

The most important bioclimatic contributors to the predicted global suitability of L. major were
Precipitation Seasonality (Bio 15), Precipitation of Driest Month (Bio 14), Mean Temperature
of Driest Quarter (Bio 9) and Mean Temperature of Wettest Quarter (Bio 8), together
contributing more than 85% of the model information (Figure 5.5, Table 5.1). Changes in Bio
15 led to a marked reduction in the projected L. major suitability, while Bio 14, Bio 9 and Bio
8 showed relationships that increase L. major suitability up to a certain threshold (Figure 5.6,

Table 5.1).
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Figure 5.5: Percentage contribution of each variable to the current model prediction for global

climate suitability of Lagarosiphon major.
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Figure 5.6: Bioclimatic variable response curves for current Lagarosiphon major global

suitability model.

5.3.2. Ecological niche modelling for two potential biological control agents

In order to predict the area of suitability for two potential biological control agents in New
Zealand, their current suitable range was modelled in South Africa and then projected onto
New Zealand’s climatic layers. The resultant MaxEnt models from the ENMeval package
tuning were considered trustworthy for extrapolation onto novel conditions as they had high

AUC scores (0.868 for H. lagarosiphon, and 0.871 for P. tuburcinatum) (Table 5.2).

Current and future suitability maps for H. lagarosiphon and P. tuburcinatum in New Zealand
(L. major invaded range) are presented below (Figure 5.7A-D respectively), with warmer
colours indicating areas of high predicted climate suitability. Climate suitability for both H.
lagarosiphon, and P. tuburcinatum is currently restricted to the South Island, and future climate
projections also show the same results. However, there is also an apparent range suitability
reduction for H. lagarosiphon, and a slight shift for P. tuburcinatum under future climates

(Figure 5.7).
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Figure 5.7: MaxEnt ecological niche modelling for Hydrellia lagarosiphon, and Polypedillum
tuburcinatum in New Zealand (invaded range) for current and future climate conditions.
Models were trained using South African occurrence data, where future predictions (2080)
were modelled using climate scenario RCP 8.5. Warmer colours indicate higher predicted
suitability. (A) Currently suitable area for H. lagarosiphon, (B) Future climate suitability for
H. lagarosiphon; (C) Current P. tuburcinatum suitability; (D) Future climate suitability for P.
tuburcinatum.
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The binary maps for H. lagarosiphon in New Zealand show a suitable area of around 31009
km? (11%) under the current climate conditions (indicated by green in Figure 5.8A, Table 5.3),
while future climates are projected to cause habitat suitability loss of around 17%, resulting in
25839 km? suitable range (indicated by red, Figure 5.8B, Table 5.3). For P. tuburcinatum under
current conditions, the total area of suitability in New Zealand was modelled to be around
26502 km?, approximately 9% of the total area (indicated by green, Figure 5.8B, Table 5.3).
This species is also projected to experience a range reduction to about 24377 km? (~8% loss)

under the RCP 8.5 climate scenario by 2080 (indicated by red, Figure 5.8B, Table 5.3).
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Figure 5.8: Binary map of climate suitability changes for (A) Hydrellia lagarosiphon and (B)
Polypedilum tuburcinatum. Grey= not suitable, green= currently suitable, and red= future

suitability.
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Unlike L. major, modelled climate suitability for the two potential biological control agents
was highly influenced by changes in Precipitation of Warmest Quarter (Bio 18), where agent
suitability increased as this bioclimatic variable increased, contributing more than 40% to the
H. lagarosiphon model predictions, and close to 60% for P. tuburcinatum (Figure 5.9A-B
respectively). Other important variables were Mean Temperature of Driest Quarter (Bio 9) and
Mean Temperature of Wettest Quarter (Bio 8), with a combined contribution of ~50% for H.

lagarosiphon, and ~35% for P. tuburcinatum (Figure 5.9A-B).
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Figure 5.9: Percentage contribution of each variable to the current model prediction for climate

suitability of (A) Hydrellia lagarosiphon and (B) Polypedilum tuburcinatum in South Africa.
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5.3.3. Degree-day modelling of Hydrellia lagarosiphon

According to degree-day modelling, H. lagarosiphon was predicted to produce between 4.5

and 9.3 generations per year in New Zealand, depending on temperature variations between

sites (Figure 5.10A). The lowest generation turnover was at the lower parts of the Southland

region in the South Island, while the highest turnover was predicted in the Northland region of

the North Island (Figure 5.10A). A similar pattern was observed with regards to net

reproductive rate (Ro). Here, Ro ranged between 2.9 and 10.5, with no sites having a value less

than 1 (Figure 5.10B).
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Figure 5. 10: (A) Number of Hydrellia lagarosiphon generations per year and (B) Net

reproductive rate (Ro) per year estimated from Mangan & Baars (2013) reduced major axis

regression model and New Zealand temperature data for the past 10 years (2012-2020).
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5.4. Discussion

Climate compatibility is one of the primary requirements which determines the geographic
distribution of most plants and animal species (Fisher et al., 2011; Khosa et al., 2019). Thus,
species distribution models are an important part of natural resource management and
conservation because they offer valuable information about the habitat suitability of both
problematic invaders and endangered species (Coetzee et al., 2007; Khanum et al., 2013;
Sutton, 2019). The current study modelled current and future L. major climate suitability.
Model predictions were good, with high AUC values, and are transferable to areas outside the

native range because model training was done using the global occurrence data.

The models revealed that the majority of New Zealand (93%) is suitable for L. major growth,
and climate change will further increase suitability. This is an expected prediction because New
Zealand generally has a more temperate climate profile, with clear oligotrophic freshwater
systems which are ideal for L. major growth (Caffrey & Acevedo, 2007). This plant is known
to prefer cooler regions in its native range (Clayton, 1996; Martin et al., 2013). As such, there
are many localities in New Zealand where L. major forms large densa mats that negatively
impact those ecosystems, thus reducing overall functioning and ecosystem services (Caffrey &
Acevedo, 2007). The projected increase in suitability is concerning as it indicates that L. major
is not currently at its invasion equilibrium and may continue to invade and cause problems in

even more localities.

On the other hand, model predictions for L. major distribution in Australia only showed a 3%
area of suitability, and future climate conditions are expected to reduce suitability even further.
The most southern parts of New South Wales, Victoria and Tasmania are suitable for invasion
by this plant. These are mostly temperate to cool temperate regions, with only mild seasonality.
There are currently no naturalized populations of L. major in Australia, and previous

infestations were successfully eradicated (CHAH, 2020). This absence of problematic
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infestations might be due to differences in climatic requirements, or other barriers of entry.

Indeed, L. major is listed among prohibited species in Australia (CHAH, 2020).

In Europe, a relatively small area (~12%) was projected to be suitable for L. major invasion,
and this was mainly in the western region, including Ireland and the United Kingdom. This is
in line with the current known localities of L. major in this region. Future climates are projected
to result in a range reduction of about 4% and a shift towards Eastern Europe, where warming

is projected to increase the suitability of previously inhabitable areas.

The marked separation in climatic envelope between South Africa and New Zealand evident
in this study could be interpreted as an adaptation to a wide variety of environmental conditions
(Rodriguez-Merino et al., 2019), as this plant has successfully invaded many parts New
Zealand despite this supposed climate mismatch. According to Gallagher et al. (2010) climatic
niche separation between native and invaded range is not uncommon as the invader population
usually has the added advantage of release from top-down constraints (Mooney & Cleland,

2001; also see Chapter 2).

Correlative model predictions for both current and future climate scenarios show agent
suitability to be restricted only to a relatively small portion of the South Island in New Zealand,
and climate change is projected to further reduce suitability for both H. lagarosiphon and P.
tuburcinatum. This might be due to a lack of understanding of real distributions in the native
range, as observations are mostly reported in areas that are easy to access (Sutton et al., 2019;
Minuti et al.,2022). Therefore, these models should not be interpreted as indicative of the actual
limits of these species. Rather, these results show areas where agent populations have a higher
chance of establishment due to climate matching with the place of origin (Sutton et al., 2019;

Minuti et al.,2022), and they could expand beyond the MaxEnt projected area.
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Baars et al. (2010) showed that H. lagarosiphon is more widely distributed in the native range,
compared to P. tuburcinatum which also occupies a relatively large climatic envelope. Climate
suitability of the two potential biological control agents was mainly determined by
Precipitation of warmest quarter (bio-18), whereas L. major suitability was mainly dependent
on Precipitation seasonality (bio-15). This means that the climate suitability for L. major
invasion is determined by a different set of climatic factors compared to those of its potential
agents. Therefore, it is possible that a larger range of suitable climate in New Zealand could
also translate into more sites which are suitable for biological control establishment as insect

survival depend on host plant availability (Sutton et al., 2019).

Indeed, mechanistic modelling informed by insect biology from Mangan and Baars (2013), as
well as this study, showed that H. lagarosiphon would be able to complete at least two
generations in Ireland, and even more in New Zealand. However, due to various limitations, it
is still not established whether P. tuburcinatum will follow a similar pattern to H. lagarosiphon
in the invaded areas as it does in the native range. Implications of micro-climate also form an
important determining factor of realised establishment and distribution success as macrophyte
weed beds tend to have higher minimum temperatures relative to the surrounding open waters
(Wheeler & Center, 2001; Mangan, 2012; Smith et al., 2019). Therefore, beyond these two
desktop modelling approaches discussed here, ground-truthing studies are still a fundamental
part of any successful management strategy as they can be used to help build adaptive strategies

in order to maximise biological control efforts (Muskett et al. 2020; Smith et al., 2022).

This chapter used various tools to estimate the distribution of L. major and its potential
biological control agents, with a particular focus on H. lagarosiphon and New Zealand invaded
sites. MaxEnt modelling showed varied response to future climates according to region, with
New Zealand increasing in suitability, while Australia and Europe are projected to see a further
reduction in L. major suitable habitat. These results however should be analysed with caution
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as they are only based on atmospheric data, with no available comprehensive layers for
freshwater systems (Khosa et al., 2019). Furthermore, the influence of background selection
and model parameters should also be considered in this regard, as results are highly dependent
on model tuning (Phillips et al., 2017; Kass et al., 2021). However, these climate models still
offer valuable information about the current and future suitability of the different modelled
regions for L. major invasion, and this can be used to simplify monitoring efforts by focusing
resources on those areas that have predicted higher suitability. And although forecasted
MaxEnt suitability is limited for both H. lagarosiphon, and P. tuburcinatum, mechanistic
modelling showed that H. lagarosiphon would be able to sustain viable populations throughout
New Zealand. Although there is still much work still needed, especially for P. tuburcinatum, it
is generally expected that its realised distribution would be greater than the MaxEnt
predictions. Therefore, if approved for release in New Zealand, these two agents could help

reduce the impact of this weed in the invaded sites.
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Chapter 6: General discussion

Biological invasions are driven by a variety of factors in the newly invaded ecosystem, and
understanding these drivers is essential for successful management. The conceptual framework
by Lacoul & Freedman (2006) explored different variables affecting the distribution and
abundance of aquatic plants across different spatial scales (regional, catchment, and local) and
environmental complexes (biogeography, climate, and geomorphology), and directly relates to

the multi-faceted approach and scale considerations within the current study.

According to this framework, the scale of analysis can range from very broad regional factors
such as continental geography, biome specific distributions (e.g., tropical and temperate
regions) as well as environmental conditions such as overall regional water quality (e.g.,
acidity, clarity, and salinity). Furthermore, the medium scale may explore hydrological effects,
such as watersheds or whole bodies of water within the catchment level, as well as the general
physiological conditions including nutrient status, pH, and turbidity. And lastly, the smaller
scale may delve into specific habitats and communities, considering factors like competition,

herbivory, and sediment attributes (Lacoul & Freedman., 2006).

Biotic and abiotic drivers are directly linked across the different scales (Lacoul & Freedman.,
2006), and understanding how these levels interact is a key step in implementing an effective
management plan. Thus, following this framework, the overall objective of this thesis was to
explore some of those mechanisms in the context of invasive macrophytes, and more
specifically Lagarosiphon major (Ridl.) Moss ex Wager (Hydrocharitaceae). The second
objective was to contribute to the growing body of literature which investigates the potential
use of biological control agents Hydrellia lagarosiphon Deeming (Diptera: Ephydridae) and
Polypedilum tuburcinatum (Diptera: Chironomidae) to control L. major invasions (Baars et al.,

2010; Martin et al., 2013; Mangan & Baars 2013; 2023).
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To achieve these objectives, the thesis adopted a multidisciplinary approach that combined
biogeographical, meta-analytic, experimental, and modelling methods in order to reflect and
capture the multifaceted nature of these ecosystems (Lacoul & Freedman., 2006). The
following interprets the main findings and contributions of each chapter, as well as their
implications for management of L. major. The last section discusses further potential for future

research according to gaps identified but not fulfilled by the current study.

Chapter 1 provided a general introduction and literature review on the biological invasion
dynamics of L. major and related aquatic plants, with a particular focus on the Enemy Release
Hypothesis (ERH) as the main theme of this thesis. The chapter highlighted the history, causes,
impacts, and management strategies of aquatic plant invasions, as a brief introduction to some
of the key concepts and hypotheses in invasion ecology. The chapter also identified some of

the knowledge gaps and research questions that motivated the subsequent chapters of the thesis.

6.1. Biotic drivers of plant invasion

Firstly, to help build on the theoretical understanding of macrophyte invasion dynamics, this
thesis presented a meta-analysis and qualitative systematic review of ERH in aquatic plants.
The chapter synthesized the evidence for ERH in aquatic plants based on 24 out of more than
200 studies screened as per predetermined criteria. This review included studies of various
methodologies, including biogeographical comparisons, observational studies, as well as
manipulative experimentation using mesocosms. This was a valuable exercise as it allowed for
the exploration and incorporation of the multiple levels and factors identified by Lacoul &

Freedman (2006).

The advantages and disadvantages of each method were also highlighted in Chapter 2 as

discussed by Keane & Crawley (2002), as well as Fleming & Dibble, (2015). Similar to
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previous investigations (Zangerl & Rutledge, 1996; Colautti et al., 2004; Redekop et al., 2018),
the results were highly variable depending on specific modulators, such as species under
investigation, type of methodology employed, plant parameter measurements recorded, as well
as plant growth form. Therefore, the overall synthesis provided no absolute conclusions when
studies were clustered as there was no real evidence for, or against the ERH due to high

variability.

Evidence was also limited even after the analyses were broken down according to the various
modulating factors identified. This further shows complexity in patterns of interactions in biotic
and abiotic factors, which cannot be solely explained by the ERH (Lacoul & Freedman., 2006;
Fleming & Dibble, 2015; Bolpagni, 2021). However, despite the high variability observed,
there was general applicability of the hypothesis in case of disturbance in manipulative
experiments. It appears that disturbances such as temperature fluctuations, the presence of
generalist herbivores, and shifts in nutrient availability, tend to promote the proliferation of
invasive species, aligning with the findings of previous studies which found an enemy release

advantage under these conditions (Vitousek, 1990; Ricciardi et al., 2013; Denley et al., 2019).

Overall, Chapter 2 provided a comprehensive and quantitative overview of ERH in aquatic
plants, as well as a framework for future research on this topic, which include a need for more
biogeographical studies, an incorporation of more floating growth forms, as well as the
consideration of other factors outside of the ERH which may explain the observed results. This
includes biotic resistance due to competition from related species, allelopathy, as well as other
abiotic factors such as climate suitability and nutrient availability (Colatutti et al., 2004; Lacoul
& Freedman., 2006; Fleming & Dibble, 2015; Bolpagni, 2021). The subsequent chapters thus

addressed some of these factors.
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To simplify some of the inherent complexities of working with entire freshwater ecosystems,
this study used L. major as a case study to present an empirical biogeographical comparison of
this species between South Africa and New Zealand. This was done in order to test whether
this plant derives a benefit in the introduced range due to release from its associated natural
enemies, as per the assumptions of the ERH (Williamson & Griffiths, 1996; Keane and

Crawley, 2002; Fleming & Dibble, 2015).

The study used various plant parameters and diversity indices to assess the fitness of L. major
and correlated this to the prevailing environmental conditions, herbivore diversity and therefore
plant damage in the two regions. From these data, it was clear that L. major has increased
fitness in most of the invaded sites as it had more biomass accumulation, produced significantly
more shoots, and also displaced other native plants. This was possibly linked to natural enemy
escape, as L. major experienced a significant reduction in herbivory pressure after its

introduction to New Zealand (see Chapter 3).

Unlike native populations which were exposed to four or more frequently co-occurring
herbivores (generalist moths, weevils and two specialist insects, P. tuburcinatum, and H.
lagarosiphon), in the invaded range, only Hygraula nitens Butler (Lepidoptera: Crambidae),
syn. Nymphula nitens, which was recorded in abundance at two sites, is known to significantly
damage L. major in New Zealand (Redekop et al., 2018). Thus, these results supported the
ERH and showed that L. major has a high invasive potential due to escape from its natural
enemies. Chapter 3, therefore, made a direct contribution to existing literature and our
understanding of the biogeographical patterns and mechanisms of biological invasions in

aquatic plants, as per the gaps and limitations identified in Chapter 2 with regards to the ERH.

Furthermore, the drivers of L. major invasions identified here have meaningful implications

for successful management of this weed. The challenges associated with controlling L. major
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using traditional methods make it a suitable candidate for biological control, which has the
potential to promote co-existence in a more stable state, where this exotic plant can co-exist
successfully with other native species instead of displacing them (Rattray et al. 1994;
McGregor & Gourlay, 2002; Caffrey & Acevedo, 2007). For example, the reintroduction of
natural enemies of various highly problematic invasive macrophytes in South Africa has been
effective at controlling some of the worst invasions in the country (McConnachie et al., 2004;

Coetzee et al., 2021).

The two specialist herbivores mentioned above have been proved to be good potential
biological control candidates for L. major (Martin et al., 2013, Baars et al., 2023; Mangan &
Baars, 2023), with limited prospect for H. lagarosiphon parasitism that is pervasive in the
native range (Baars et al., 2010; Martin et al., 2018). The absence of these predators in the
invaded range is likely to increase biological efficacy, as these parasitoids were previously
shown to have a negative influence on the abundance of H. lagarosiphon, which then reduced

herbivory pressure, thus making L. major a superior competitor (Martin et al., 2018).

Managing biological invasions within the aquatic environment using traditional means of
control has proved to be challenging and unsustainable in the long run (Howard-Williams et
al., 1996; Hussner et al., 2017; Maluleke et al., 2021). Additionally, submerged macrophytes
like L. major which use asexual reproduction are highly invasive and therefore require
alternative control measures. Hence, such plants become ideal candidates for biological control
programmes, which are based on the premise that natural enemies are important regulators of
plant populations in their native range (Cilliers, 1991; Keane & Crawley, 2002; Nachtrieb et

al., 2011).

The use of Hydrellia pakistanae Deonier (Diptera; Ephydridae) in the United States of America

and its contribution to controlling Hydrilla verticillata (L.f.) Royle (Hydrocharitaceae)
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provided the first evidence that the Hydrellia genus can be used to manage invasive plants in
the Hydrocharitaceae (Buckingham & Bennett 1998; Grodowitz et al., 2003). Furthermore,
successful establishment of Hydrellia egeriae in South Africa and elsewhere to control Egeria
densa Planchon (Hydrocharitacea) (Smith, 2021) also provides confidence in the use of such
insect to control submerged macrophytes which have otherwise been neglected in biological

control programmes (Coetzee et al., 2011).

Having established the dominance of L. major in New Zealand sites at the regional scale as per
the conceptual framework by Lacoul & Freedman (2006), the next objective of this thesis was
to determine what competitive interactions could be expected between this species and another
highly problematic Hydrocharitaceae, E. densa which is also invasive in that region (Caffrey
et al., 2010). The overall competitive ability of a species is primarily determined by the degree
of biomass accumulation and density, compared to other co-occurring congeners, with invasive
species usually forming densa canopies that are vigorous competitors for limited resources

(Clayton, 1996; James et al., 2006; Coetzee et al. 2005; Van Ginkel, 2011).

Chapter 4 examined how the competition between these two very similar invasive
macrophytes, in the presence of herbivory by two host specific Ephydridae flies (H.
lagarosiphon and H. egeriae) modulates the observed interactions at the finer scale. The
chapter used a mesocosm approach to simulate different scenarios of plant density, herbivore
presence and absence combinations on the growth and biomass of both plants. Various plant
parameters, as well as multiple inverse linear models developed by Spitters (1983) were then
used to quantify plant fitness and overall competitive dominance under these different

treatments.

The results from plant parameters measures such as biomass production, shoot length and

relative growth rate showed that L. major performed better in most of the treatments, although
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starting plant density as well as herbivory regime were important determinants of the observed
interactions. Other studies have reported L. major as a superior competitor to various other
species (Rattray et al. 1994; Caffrey et al. 2010; Martin et al., 2014). However, despite L. major
showing higher growth parameters, this did not translate to this species being a better

competitor than E. densa.

Competitive interactions were generally limited, except for the mesocosms which were
inoculated with H. lagarosiphon. Here, according to the reciprocal yield models, the presence
of this L. major herbivore appears to have facilitated the growth of E. densa by feeding on L.
major. These facilitative interactions are not uncommon in plant communities (Thiébaut et al.,
2019; Silveira & Thiébaut, 2020; Monacelli & Wilcox, 2021). In this case, E. densa was
equivalent to 11 L. major plants, but this was not fully explained by the herbivory treatment,
as it was also apparent in Chapter 4 that L. major was able to withstand herbivory and continue

to grow successfully in the presence of H. lagarosiphon.

It was postulated that there were possibly insufficient insect numbers to trigger a significant
reduction in L. major fitness in terms of growth. According to Martin et al. (2013) and Mangan
& Baars (2016), at least four insects are required per shoot to cause meaningful damage.
However, the results suggest that even at low numbers, this insect could affect L. major
competitive vigour, although co-occurrence of insects and plants in mixed cultures was the
most successful way to reduce growth parameters. Generally, H. egeriae appeared to be more
successful at suppressing its host plants, E. densa, and this was particularly true in isolated

insect cultures.

Overall, Chapter 4 presented the intricate interplay of herbivory and plant density in
determining plant competitive interactions, further highlighting the complexities of ecological

interactions as seen with the meta-analysis in Chapter 2. The chapter also showed that
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biological control may be a viable option for managing submerged macrophyte invasions,
especially for E. densa. This same method of control could be successful for L. major, provided
enough insect density numbers are achieved (Baars et al., 2013; Mangan & Baars, 2023). For
example, Martin et al. (2013) showed that herbivory by the fly reduced the competitive ability
of L. major, which has important consequences for succession and dominance in aquatic
communities. Competition and herbivory both in isolation as well as in combination are an
important driving source for overall species distributions and assemblages (Van et al. 1999;

Coetzee et al. 2005).

Although controlled experiments such as the one presented in Chapter 4 cannot necessarily
predict competitive outcomes under natural conditions, these types of studies are still a useful
tool to at least anticipate overall interactions. These predictive powers are highly advantageous
to the biological control field, as we can see how introducing natural enemies might change the
dynamics of the ecosystem even before the actual introduction. Nevertheless, besides
competitive interactions, other attributes may also play an important role in determining exotic
species dominance, based on other environmental conditions (Colatutti et al., 2004; Lacoul &

Freedman., 2006; Fleming & Dibble, 2015; Bolpagni, 2021).

6.2. Abiotic drivers of plant invasion

As seen from the previous chapters, there are many factors which may influence exotic species
success. So far, this discussion has mainly focussed on the biotic components such as herbivory
and competition. However, abiotic factors related to climate change are also likely to affect
overall habitat suitability, and therefore the abundance and distribution of invasive species
(Lacoul & Freedman., 2006). Consequently, Chapter 5 was aimed at investigating the abiotic
components to L. major invasion. Specifically, Species Distribution Models (SDMs) were used
to map potentially suitable habitat for L. major in the invaded range, and also predict how
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climate change will impact this. Furthermore, the chapter made use of both correlative and
mechanistic modelling approaches to simulate suitable habitat for the two potential biological
control agents under consideration for release in New Zealand. This was done to test for
potential mismatches in host plant distribution and insect suitable range, as well as to identify

optimum release sites should permission be granted.

The Maximum Entropy Species Distribution Modelling (MaxEnt) algorithm showed that
almost all of New Zealand is susceptible to L. major invasion, and this is likely to further
expand by 4% based on the 2080 climate scenario RCP 8.5 (IPCC, 2001). The meta-analysis
in Chapter 2 showed that invasive species respond better to disturbances such as these.
Furthermore, other studies have demonstrated that invasive plants will likely respond better to
climate change (Cornelissen, 2011; Reeves, 2017), thus pushing the need for effective and
sustainable management plans. According to Alahuhta et al. (2011), climate change is likely to
affect freshwater species in colder regions more readily, favouring canopy forming species
such as L. major and E. densa, while reducing overall species richness, especially for cold
tolerant species. Furthermore, the projected temperature changes will have marked effects on

catchment hydrology, and ultimately macrophyte assemblages (Lacoul & Freedman., 2006).

With regards to insect suitability, correlative methods revealed that the distribution of H.
lagarosiphon and P. tuburcinatum would likely be limited to a small part of the South Islands.
However, due to various limitations of this modelling approach discussed in Chapter 5 (Sutton,
20191; Minuti et al., 2022), which do not take into account the physiology of the target
organism, this provided only a starting point in terms of potential distribution on these L. major
herbivores. Thus, degree day modelling was used to supplement results for H. lagarosiphon.
This method makes use of climate data as well as organism development data to predict

generation turnover at specific locations (Coetzee et al., 2007; Kearney et al., 2010).
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Using life tables from Mangan & Baars (2013) and temperature data from various L. major
infested localities, it was shown that this insect would be able to establish viable populations
at various parts of New Zealand, in both the South and North Islands. A similar result would
therefore be expected for P. tuburcinatum as these two herbivores occupy the same climatic
envelope in the region of origin (Baars et al., 2013; Martin et al., 2013). Overall, the chapter
indicated that climate change can have significant impacts on the invasion potential and

management prospects of L. major.

6.3. Recommendations for future research

This study followed the theoretical model developed by Lacoul & Freedman. (2006) to
determine the relative importance of various contributing factors within the larger framework
in order to facilitate an understanding of the drivers associated with L. major invasion and
management options thereof. Nevertheless, although extensive, this thesis does not cover all
aspects of L. major invasion, due to the inherent complexities of studying such multifaceted
phenomena. Therefore, future research could investigate some of the other important factors

which could possibly affect invasion and management success.

Firstly, following the distribution of L. major in New Zealand using modern technologies such
as remote sensing could aid with management decisions. For example, the low-cost sonar
mapping used to map L. major invasions in Ireland by Morrissey et al. (2020) could be adopted
in New Zealand. Alternatively, satellite image mapping similar to the tracking of water
hyacinth in South Africa which does not require return visits for up-to date assessments could

be highly beneficial (Coetzee et al., 2022).

With regards to the potential biological control agents, thermal limitations still need to be

studied. This will further contribute to our understanding and predictions for suitable habitats
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of introduction. Mangan & Baars (2013) have already made good progress in this regard for H.
lagarosiphon. However, similar investigations are still needed for P. tuburcinatum.
Furthermore, continued host specificity testing of this insect for New Zealand is also needed.
This would add to the test plant list already examined by Baars et al. (2010) for Ireland, which

showed promising results.

The continued absence of this agent at various sites in the native range, as well as difficulty
rearing the midge populations were the main limiting factors of this component for this thesis.
Therefore, before further work is done in this regard, there first needs to be an investigation
into the reason for this sporadic appearance and disappearance. Once this has been established,
it would be interesting to conduct similar competition experiments as presented in Chapter 4,

using P. tuburcinatum as part of the herbivory regimes.

Lagarosiphon major is known to have a highly sophisticated photosynthetic system, with
ability to take up both CO> and HCOs™ from the water (James et al., 1999). According to Barko
& Smart (1986), rooted macrophytes with surface forming canopies, such as L. major, are able
to take up nutrients and gases from the water column, sediment as well as the atmosphere. This
presents further scope for climate change related studies, as this plant may benefit from

projected CO2 increase (IPCC, 2002).

Hussner et al. (2019) simulated this CO: increase on various submerged macrophytes,
including E. densa and L. major. The investigation showed that although there was no overall
effect on photosynthesis, elevated dissolved inorganic carbon (DIC) and atmospheric CO>
levels were generally associated with reduced leaf nitrogen content. Thus, this indicates that
although submerged aquatic HCO3™ users are less affected by rising atmospheric CO2 when in

DIC-rich environments compared to obligate CO; users in CO»-limited conditions, increasing
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atmospheric CO; still has an impact on nitrogen absorption by these submerged plants, and this

has the potential to affect ecosystem dynamics (Hussner et al., 2019).

Previous research by Baso et al. (2021) and others show that the efficacy of biological control
is directly related to plant host quality, and this is partly determined by CO> and nutrient
availability (Cornelissen, 2011; Reeves, 2017; Smith, 2021). Thus, this could also be an
important factor to incorporate into further competition studies, to inform management
expectations under future climates, which are directly linked to elevated atmospheric CO».
According to Riis et al. (2010), CO; availability is one of the key elements controlling L. major
size in New Zealand’s freshwaters. Therefore, an investigation of increased CO> and its effects

on biological control is needed.

6.4. Conclusion

The main conclusion from this undertaking is that ERH plays an important role in the biological
invasion of L. major, but it is not the only factor that determines its success or failure. Other
factors, such as environmental conditions, competition, biological control, and climate change,
can also influence the invasion dynamics and management outcomes. Thus, although biological
control may be a viable strategy, it may be better to develop a more holistic management
programme that takes the needs of the ecosystem as well as the goals of resource managers into
consideration, whether that includes other control options or not (Coetzee et al., 2011; Hussner
etal., 2017). This is because none of the previous submerged biocontrol programmes have been
as successful as those implemented against floating invasive macrophytes, and this is due to
various challenges and uncertainties associated with biological control of submerged IAPs,
such as parasitism of the Ephydridae flies, as well as other environmental variables such as
temperature differences in open water vs weed stands and the microclimates which the control

agents have to contend with (Grodowitz et al., 2003; Smith et al., 2022).
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Biggs et al. (2012) suggested seven principles for building social ecological resilience, which
include fostering complex adaptive systems thinking, maintaining diversity and redundancy.
Therefore, an adaptable integrated approach consisting of diverse control methods, including
biological control, as opposed to a singular approach might provide a better understanding and
a more successful manage plan (Coetzee et al., 2011; Hussner et al., 2017), taking into account
the multiple faceted nature of these systems. Furthermore, the dynamic nature of invasive
species and their interactions with their new environments requires ongoing scientific inquiry
as per Biggs’s et al. (2012) principle of encouraging learning, to ultimately better inform
conservation and active restoration efforts while addressing the challenges posed by invasive
species like L. major. Overall, the work presented here contributes significantly to our

understanding of ecological relationships and management strategies.
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