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Abstract

Submerged macrophytes are important components of many freshwater ecosystems. They provide habitats and
food resources for a wide range of organisms and can control algal blooms via indirect and direct interactions
such as shading, competition and allelopathy. Allelopathy is the production of biochemicals by primary producers
that negatively affect the growth of potential competitors. Allelopathic submerged macrophytes can play a central
role in the restoration of eutrophic lakes and maintaining a clear water state. However, invasive macrophytes
have displayed negative impacts on fish, macroinvertebrates and native macrophytes. Invasive macrophytes
usually displace native plants and form mono-specific stands, which are a less suitable habitat and food source
for many biota. The ‘Novel Weapons Hypothesis’ (NWH) posits that exotic species will have the potential to
become invasive if they produce novel biochemistry to which native species are not adapted. These chemicals
may also exhibit deterrent activity against invertebrates. Hence, the allelopathic potential of introduced species
is an influential strategy in invasion biology. On the other hand, the ‘Enemy Release Hypothesis’ (ERH) proposes
that invasive species are successful because they escape their natural enemies in their new ranges. Cabomba
caroliniana, Egeria densa and Elodea canadensis are invasive macrophyte species in Australia and many other
countries. | performed ‘screening of live material’ assays to investigate the allelopathic effects of these invasive
species and to compare their bioactivity to that of a range of native macrophytes using native microalgae
(cyanobacteria and green algae) as the target organisms. A mesocosm study was conducted to further test the
potential allelopathic effect of C. caroliniana on Microcystis aeruginosa, and to compare its effect to Potamogeton
ochreatus (native). The density of free-living microalgae was also measured (OD7so) in the control ponds (without
macrophytes) and in ponds where either native or invasive macrophytes were grown. | also examined the effects
of C. caroliniana on invertebrates and compared it to P. ochreatus stands using mono-culture (single species of
either native or invasive plant), co-culture (native and invasive plants grown together) and control (no plant)
settings. Finally, | tested the ERH and the NWH by investigating the biochemical activity of C. caroliniana on a
native moth larva and a native vascular plant.

Cabomba caroliniana exhibited a potent species-specific algicidal activity whereas the algicidal activity of E.
canadensis and E. densa was weaker. Potamogeton ochreatus and Potamogeton crispus (native macrophytes)
also showed species-specific allelopathic effects on the target organisms. Cabomba caroliniana inhibited the
growth of M. aeruginosa in the mesocosm study; however, the effect was similar to that of P. ochreatus. The
microalgal populations were significantly lower in the ponds where C. caroliniana was present compared to the
ponds with P. ochreatus and the controls. Furthermore, the % cover of P. ochreatus was significantly lower when
grown with C. caroliniana compared to the controls. Community dynamics of the invertebrates were similar in
native and invasive macrophyte stands in the single species and in the co-culture experiments, but displayed a
seasonal pattern in most comparisons. The moth larvae caused a high level of feeding damage on C. caroliniana
and P. ochreatus; nevertheless, the damage was greater on C. caroliniana. My findings suggest that C. caroliniana,
E. canadensis and E. densa may use their novel biochemistry to enhance their invasiveness, although their effect
is dependent on the counterpart organisms in the recipient community, and they may use a combination of
different strategies to intensify their invasive potential. For instance, C. caroliniana can use its novel biochemistry
against competitors such as phytoplankton and plants, but may use a herbivory tolerance strategy instead of
chemical defence when exposed to herbivory. In addition, C. caroliniana may have ‘positive’ impacts on associated
fauna (e.g. providing refuge) and some generalist herbivores (food source) in specific freshwater systems.
However, these positive effects do not outweigh the overall adverse impacts of C. caroliniana imposed on a
system. Allelopathic native macrophytes can also regulate the growth of invasive species and therefore may have
the potential to be used as biological control agents in future management plans. As a consequence, systems that
contain a high diversity of native plants and generalist herbivores (a wide range of native ‘enemies’) may perhaps
be less prone to invasion by exotic macrophytes.
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Chapter 1. General Introduction

The role of allelopathic native and invasive macrophytes in
freshwater systems

S

Lake Nagambie infested by Cabomba caroliniana. Photo credit: Fariba Moslih Pakdel



Introduction

Wetlands preserve wildlife and support biodiversity by providing habitat and food sources for a wide range of
organisms (Gopal, 1999; Zhao and Song, 2004). Furthermore, wetlands may capture and filter nutrients and
pollution from surrounding areas, supply water, abate floods and are used for recreational purposes (Mitch and
Gosselink, 1986; Kadlec and Brix, 1995; Costanza et al., 1997; Nuttall et al., 1997; Ellis et al., 2003; Fisher and
Acreman, 2004; Sheoran and Sheoran, 2006). Natural or human-induced eutrophication and associated algal
blooms are major threats to these systems (Ansari et al., 2010).

Phytoplankton species generally have a faster growth rate than higher plants. Nutrient enrichment and
consequent eutrophication and turbidity can accelerate phytoplankton growth. This may ultimately lead to the
disappearance of ‘macrophytes’ (submerged plants and macroalgae) and the system can shift to a phytoplankton-
dominated state (Scheffer et al., 2001; Ansari et al., 2010). Submerged macrophytes play pivotal roles in stabilising
the alternative clear-water macrophyte-dominated state recognised by Scheffer et al. (2001). They can halt the
increase of phytoplankton biomass directly or indirectly via several interrelated mechanisms and, contribute to
water quality and water transparency (Fig. 1) (Scheffer, 1998; Mulderij et al., 2007a; Scheffer and van Nes, 2007).
Submerged macrophytes have a greater competitive ability for nutrient uptake and hence can limit the growth of
phytoplankton and epiphytes (Brammer, 1979; Gopal and Goel, 1993; van Donk and van de Bund, 2002; Lurling
et al., 2006). Furthermore, macrophytes can increase grazing pressure indirectly by providing refuge for algal-
grazing zooplankton against predators (Jeppesen et al., 1997) and therefore have positive physical effects on
invertebrate communities (Watkins el., 1983; Timms and Moss, 1984). Reduction of sediment re-suspension
(Horppila and Nurminen, 2003), shading effects (Mulderij et al., 2007a) and allelopathy against phytoplankton
(van Donk and van de Bund, 2002) are other macrophyte-mediated mechanisms that can improve water quality.

Suspended
Soil

zooplankton

Fig. 1. A schematic diagram showing direct (solid lines) and indirect (dashed lines) interactions between
macrophytes and phytoplankton/zooplankton.



Allelopathy is a very effective strategy to overcome competition and refers to any harmful (or beneficial) effect
of one plant imposed on another plant, herbivores and/or microorganisms through chemical intervention, which
involves the production and release of biochemical substances into the surrounding environment (Willis, 1985;
2008). These chemicals, termed allelochemicals, can be continuously released by a donor plant (via leaves and
stems) into the environment (in the air or water), released as a product of microbial degradation of plant residues,
or can be exuded from the root into the soil (Zeng et al., 2008). Allelopathic species may limit the growth and
survival of co-occurring species as well as those that have the capacity to colonise (Willis, 1985). For example, the
occurrence of extensive meadows of Chara australis and Potamogeton crispus has coincided with a decline in
microalgal blooms regularly forming in a eutrophic lake in south-eastern Australia (pers. comm. Peter Symes,
2012). Pakdel et al. (2013) found antagonistic effects of these macrophytes against the cyanobacterium,
Anabaena variabilis. They suggested that the allelopathic potential of these macrophytes might be responsible
for the prevention of blooms formed by cyanobacteria. Allelopathic interactions also exist between macrophytes
(Gopal and Goel, 1993; Gross, 2003a) and some phytoplankton species exhibit bioactivity against macrophytes
(Keating, 1977; 1978; Gross et al., 1991; Gross, 1999; Gross, 2003a).

Invasion is another key threat to freshwater systems (Miller et al., 1989; Lassuy, 1995; Burlakova and Karatayeyv,
2007) and is considered one of the major causes of biodiversity decline in lakes and streams (Sala et al., 2000).
Exotic freshwater plants are introduced either intentionally or accidentally through aquaculture, aquarium trade
and hitchhiking by ships, boats and yachts (Kolar and Lodge, 2000; Kay and Hoyle, 2001; Martin and Coetzee,
2011). Some of these exotic species can become invasive and cause significant negative environmental and
economic impacts (Pimentel et al., 2005; Lockwood et al., 2013; Gallardo et al., 2016).

Allelopathy in freshwater systems

The concept of allelopathy has long been applied to terrestrial environments (Molisch, 1937 cited in Willis, 1985;
Muller, 1966; 1969; Gibbs, 1974) and has been expanded to aquatic systems over the last few decades
(Hutchinson, 1975; Anthoni et al., 1980; Blindow, 1987; Gross, 2003a; Ferrier et al., 2005; Hu and Hong 2008;
Svensson et al., 2013; Vanderstukken et al., 2014). Observations of low densities of epiphytes and phytoplankton
in the proximity of some submerged and floating macrophytes led to primary investigations of allelopathy
between macrophytes and phytoplankton in the late 1970s and early 1980s (Brammer, 1979; Wium-Andersen et
al., 1982; 1983).

Nevertheless, demonstrating the existence of allelopathy in a natural setting is challenging. A range of biotic and
abioticfactors such as nutrient levels, light and temperature conditions, competition, physiology and the structure
of counterpart species can interfere with the production and action of macrophyte allelochemicals on
phytoplankton and other macrophytes (Gross, 2003b; Hilt and Gross, 2008). Consequently, it is difficult to
separate direct and indirect impacts of macrophytes such as shading, competition and existence of zooplankton
in macrophyte beds from the effects of allelopathy on phytoplankton and other counterpart macrophyte species.

The allelopathic potential of macrophytes differ and the allelopathic outcome appears to be regulated by both
the macrophyte and the phytoplankton counterpart species that are present (Mulderij et al., 2003; Erhard, 2006).
Of the submerged macrophytes, Myriophyllum and Ceratophyllum are the most active genera that have been
investigated to date, both exhibiting strong algicidal activity against a wide range of microalgal species (Hilt and
Gross, 2008). For example, M. spicatum, M. verticillatum and C. demersum inhibit the growth of a variety of
planktonic and epiphytic species of cyanobacteria, chlorophytes (green algae) and diatoms (Gross et al., 1996;
Gross et al.,, 2003a; 2003b; Hilt et al., 2006). The inhibitory effects of other macrophytes such as Chara,
Potamogeton and Elodea are more moderate (Hilt and Gross, 2008).



The responses of phytoplankton species to allelopathy also vary and they exhibit different susceptibility to
allelochemicals (Mulderij et al., 2003; Mohamed and Al Shehri, 2010). Growth of Microcystis, Anabaena,
Scenedesmus and diatoms such as Nitzschia has been shown to be inhibited by a wide range of macrophyte
species, although the level of inhibition was different in each case (Gross et al., 1996; Nakai et al., 1999; Gross et
al., 2003a; Erhard and Gross, 2006; Hilt et al., 2006; Lirling et al., 2006; Mulderij et al., 2007b; Wu et al., 20073;
2007b; He et al., 2008; Zhang et al., 2009a; 2009b; Takeda et al.,, 2011) and it is uncertain whether these
differences are due to species dependent effects or differences in experimental conditions which affect the
responses of the microalgae and cyanobacteria to allelochemicals. Allelopathic macrophytes are known to
constrain the growth of cyanobacteria to a greater extent than they constrain growth in diatoms and chlorophytes
(Kérner and Nicklisch, 2002; Hilt and Gross, 2008). Moreover, planktonic cyanobacteria and green algae are more
vulnerable to allelochemicals compared to epiphytic species (Erhard and Gross, 2006).

Allelopathic potential of invasive macrophytes

Although submerged macrophytes play important positive roles in freshwater systems, invasive macrophyte
species are known to negatively affect many native species of fish, macroinvertebrates and macrophytes in the
recipient community (Thiebaut et al., 1997; Dextrase and Mandrak, 2006; Bryant and Papas, 2007; Svensson et
al., 2013). A study, conducted by Bryant and Papas (2007), of nine wetlands in south-eastern Australia found that
submerged native macrophytes have greater positive impacts on macroinvertebrate community composition by
supporting a higher richness of macroinvertebrates compared to invasive macrophyte species. Adverse impacts
of invasive macrophytes were also found on the abundance of several fish species, including some that are
threatened (Lassuy, 1995; Dextrase and Mandrak, 2006; Schultz and Dibble, 2012). Furthermore, invasive species
can outcompete and eventually eliminate native macrophytes (Thiebaut et al., 1997; Svensson et al., 2013). This
may lead to the formation of dense, mono-culture, macrophyte meadows, which is a less suitable habitat and
food source for zooplankton, benthic macroinvertebrates, fish and waterfowl, and can lead to seasonal water
quality issues (Thiebaut et al., 1997; Barrat-Segretain, 2001; Erhard and Gross, 2006; Herb and Stefan, 2006).

Different interconnected mechanisms drive biological invasions and together can determine the success of
invasive species (Mitchell et al., 2006; Fleming and Dibble, 2015). Many invasive species are superior competitors
in their new ranges and can utilise nutrients more efficiently than native species (Burns, 2004; Funk and Vitousek,
2007). Furthermore, they have a rapid growth rate and produce a large amount of plant biomass compared to
their native counterparts (Grotkopp and Rejmének, 2007). Exotic plant species escape natural enemies in their
native ranges and hence can become highly abundant in the new environment (the ‘Enemy Release Hypothesis’
(ERH), Crawley, 1997; Elton, 2000; Liu and Stiling, 2006). Therefore, they are less prone to herbivory and can gain
a significant advantage over native species (Maron and Vila, 2001; Liu and Stiling, 2006).

Allelopathy has long been proposed as another important mechanism responsible for the success of invasive plant
species (Steenhagen and Zimdahl, 1979). As predicted by the ‘Novel Weapons Hypothesis’ (NWH), non-indigenous
plant species have the potential to outcompete native competitors by producing chemicals that are novel to the
native species (Callaway and Aschehoug, 2000; Callaway and Ridenour, 2004). This will allow the invaders to
establish and spread in the new environment and displace native species through allelopathic interaction.
Furthermore, some of the chemicals produced by macrophytes can be toxic to zooplankton and can limit their
growth, reproduction and survival (Alvarez et al., 2016). Invasive macrophytes with allelopathic activity may have
adverse impacts on the fitness of freshwater herbivores, consequently, some herbivores prefer natives over
invasive species (Morrison and Hay, 2011). The NWH has been supported by studies of terrestrial and, to a smaller
extent, marine communities (Carpenter and Cappuccino, 2005; Cappuccino and Arnason, 2006; Inderjit et al,,
2006; Svensson et al., 2013). However, adequate empirical evidence to support the NWH and the role of
allelopathy in freshwater macrophyte invasion is lacking. Of many studies testing the allelopathic potential of
invasive species in freshwater systems, Marko et al. (2008) explicitly related allelopathy to invasiveness of M.



spicatum and found that this invasive species has a higher concentration of carbon, polyphenols and lignin that
could contribute to the invasiveness of the species and provide it with a competitive advantage. Understanding
the mechanisms that are responsible for the invasiveness of macrophytes is important for decision-making
strategies and controlling invasive species (Sax et al., 2007; Davis, 2009).

Allelochemicals produced by some invasive macrophytes can persist in the soil/sediments and can have a legacy
effect on future species. It could be inferred that allelopathic legacy effects of some invasive species could be
more remarkable than direct effects because allelochemicals can persist after death or removal of the
macrophyte and hence have a long-term impact on future community structure within the system (Inderjit et al.,
2011). This suggests that the legacy effects of allelochemicals produced by some invasive macrophytes can make
the mechanical control of these species less effective. Legacy effects can be absent in some invasive macrophytes
but overall, both immediate allelopathic and allelopathic legacy effects of invasive macrophytes can be influenced
by competition in natural conditions (Del Fabbro and Prati, 2015). Therefore, the effects of other factors should
also be considered in controlling invasive macrophytes.

Allelochemicals

Allelopathic macrophytes produce myriad chemical compounds including polyphenols and phenolic acids,
lipophilic constituents, hydrolysable tannins, alkaloid substances, and many other unidentified allelochemicals
(Table 1). Some of these chemical substances have stronger algicidal properties than others (Gopal and Goel,
1993; Gross et al., 1996). Phenolic acids and polyphenolic compounds are the most common allelochemicals
found in numerous species of macrophytes (Jones, 1995; Gross et al., 1996). Many macrophytes with similar
growth forms produce similar groups of allelochemicals despite their great taxonomic variation (Gopal and Goel,
1993). Oxygenated fatty acids and alkaloids are groups of allelochemicals found in most Potamogeton and Najas
species, Vallisneria americana, M. spicatum, C. demersum and E. canadensis (Ostrofsky and Zettler, 1986; Gopal
and Goel, 1993). Potamogeton species and other monocotyledons produce a relatively high level of alkaloids
compared to dicotyledons (Ostrofsky and Zettler, 1986). The strong, pungent smell of many charophytes indicates
the production of allomones such as trithiane and dithiolane (Gopal and Goel, 1993). Myriophyllum spicatum
produces the polyphenol tellimagrandin Il whereas M. verticillatum and M. alterniflorum lack tellimagrandin .
Nevertheless, algicidal other, hydrolysable, polyphenols are found in M. verticillatum and M. alterniflorum (Hilt et
al., 2006) and they exhibit the same degree of allelopathy as M. spicatum (Gross et al., 1996).

Since allelochemical compounds of macrophytes are released into the water column, they need to be sufficiently
hydrophilic and adequately concentrated in order to reach and provoke the target organisms effectively (Gross,
2003a). Some of these compounds are labile and are readily metabolized, hence constant exudation is required
to prolong their deleterious effects (Gopal and Goel, 1993; Jasser, 1995; Gross, 1999; Nakai et al., 1999; Gross,
2003a). Allelochemicals such as lipophilic compounds, elemental sulphur and oxygenated fatty acids have a
potent algicidal property. These chemicals are not water-soluble and may act mainly through direct cell-cell
contact. It has been suggested that hydrophilic compounds primarily act on planktonic species, whereas lipophilic
compounds mainly target epiphytic species (Wium-Andersen et al., 1983; Gopal and Goel, 1993; Gross, 2003a).
The production of lipophilic constituents may have evolved in macrophytes to prevent epiphytic algal growth that
are in direct contact with macrophytes. Low epiphytic growth on C. demersum was proposed to be caused by the
release of elemental sulphur that has a strong algicidal property and is ten times more toxic to algae than the
trithiane compounds produced by Chara species (Gopal and Goel, 1993). The stronger toxicity of these
compounds may be an evolutionary advantage to compensate for their low solubility in water. The difference in
the nature of allelochemicals excreted by macrophytes is an important measure in determining macrophyte
success. Macrophytes such as Chara, Ceratophyllum and Myriophyllum species that produce hydrophilic
allelochemicals are likely to be more effective at supressing the growth of other species existing further away,
because hydrophilic compounds have the ability to diffuse through the waterbody and reach the target species.



Lipophilic substances produced by species such as Potamogeton also have very strong growth inhibitory effects.
Furthermore, most of these species (i.e. Chara and Potamogeton) excrete multiple chemical substances (Table 1)
(Gopal and Goel, 1993).

Some invasive macrophytes produce different chemical compounds to the native congener. Nevertheless, the
guantity of the chemicals produced can be similar (Jarchow and Cook, 2009). In contrast, other invasive species
are capable of producing a higher concentration of chemical substances in comparison to the closely related
native species (Marko et al., 2008). Furthermore, the novelty of these chemicals in a recipient environment is an
important factor determining their effects on the target species.

Allelochemicals have different modes of action on phytoplankton, often targeting two main physiological
processes: enzyme activity and photosynthesis (many allelochemicals interfere with Photosystem Il (PS Il)
activities) (Gross, 2003b). They may also destroy the cell membrane (Leflaive and Ten-Hage, 2007) (Table 1). Some
chemical substances affect several processes/components of the afflicted species depending on other
environmental conditions. Most macrophytes produce multiple allelochemicals. (Gopal and Goel, 1993; Xian et
al., 2006; Jarchow and Cook, 2009; Zhang et al., 2010). For instance, Marko et al. (2008) found a high diversity of
chemical substances produced by both native and invasive macrophytes. This strategy may be an advantage to
ensure the effectiveness of allelochemicals on several target species and increases the probability of inhibition of
the afflicted species.



Table 1. Summary of studies on the allelochemicals of macrophytes and their mode of actions on target species (phytoplankton), (?: target species and/or the mode of action not known).

References Allelochemicals Macrophyte(s) Phytoplankton (target) Mode of action
(donor)
1 Alkaloids Potamogeton *
V. americana ? ?
M. spicatum
C. demersum
E. canadensis
2 Flavonoids Lemnaceae* (free floating plants) ? ?
3, 4,5 Phenolic compounds Elodea * Cyanobacteria, chlorophytes, Destruction of photosynthesis
C. demersum epiphytic algae & diatom (Nitzschia)
Najas marina ssp. intermedia
Stratiotes*
2,16,17 Caffeic acids Stratiotes * Cyanobacteria & algae Destruction of photosynthesis
E. canadensis
Lemna minor
2 Oxygenated fatty acids Ruppia* Phytoplankton & epiphytic diatom Nitzschia palea
Potamogeton* ?
Thalassia sp.
Najas*

2 4-methylthio-1,2-dithiolane Chara globularis Phytoplankton & Destruction of
and 5-methylthio-1,2,3- Chara* epiphytic diatom Photosynthesis
trithiane N. palea

6 Elemental sulphur C. demersum Epiphytes ?

2 Dithiolane substances Nitella* Epiphytes Destruction of

Photosynthesis



2,7,89 Tellimagrandin Il & other M. spicatum Algae & cyanobacteria Destruction ~ of  extracellular

hydrolysable polyphenols (e.g.  Myriophyllum * enzyme activity, destruction of
gallic and vanillic acids), labile  C. demersum photosynthesis
sulphur compounds V. americana
10 Cyclic sulphur compounds Chara sp. Diatoms & phytoplankton Destruction of photosynthesis
11,18 Ethyl 2-methylacetoacetate Phragmites* Scenedesmus obliquus Selenastrum capricornutum Cell deformation & destruction of
Microcystis aeruginosa cell membrane
2,12,13 P-hydroxybenzoic acid, p- V. americana M. aeruginosa Destruction of cell membrane

coumaric acid and vanillic acid

14 Cyanogenic compounds Myriophyllum* ?
15 2-Ethyl-3-methylmaleimide, Vallisneria spiralis L. M. aeruginosa Destruction of photosynthesis
& B-carotene derivatives ?

* More than one species within the genus contain the compound(s).
1- Ostrofsky and Zettler (1986), 2- Gopal and Goel (1993), 3- Gross et al. (2003b), 5- Mulderij et al. (2007b), 6-Wium-Andersen et al. (1983), 7- Gross et al. (1996), 8- Kérner and Nicklisch (2002),
9- Gross (2003b), 10- Wium-Andersen et al. (1982), 11- Men et al. (2007), 12- Zhang et al. (2008) cited by Zhang et al. (2010), 13- Zhang et al. (2010), 14- Gibbs (1974), 15- Xian et al. (2006). 16-
Mulderij et al. (2005a, b), 17- Zhu et al. (2010), 18- Li and Hu (2005).



Allelopathy versus other factors

The allelopathic potential of macrophytes affecting microalgae is influenced by biotic and abiotic factors such as
competition, season, and nutrient and light availability (Gross, 2003a; Mulderij et al., 2007a; 2007b; Bauer et al,,
2009). Competition between microalgal and macrophyte species is believed to be a more significant factor
affecting microalgal growth than allelopathy (Llrling et al., 2006), so in allelopathic investigations it is important
to also acknowledge the effect of resource limitation and competition.

Light is the main limiting resource in many wetland systems, particularly for submerged species (Erhard, 2006).
Rapid growth of epiphytic algae and phytoplankton may enforce additional shading on macrophytes (Gross,
2003a; Kirk, 2010) therefore limiting their growth. In addition, synergy between shading caused by excessive
growth of periphyton and herbivory can diminish resilience of macrophytes, leading to an imminent macrophyte
collapse followed by a sudden shift of the system to a turbid phytoplankton-dominated state (Hidding et al., 2016).
Jupp and Spence (1977) observed a decline in Potamogeton filiformis biomass, which was primarily attributed to
the shading effects of algal blooms consisting of floating cyanobacteria such as Anabaena species. Conversely,
shading can limit the growth of microalgae in systems where macrophytes are well established. This may explain
the low densities of phytoplankton in vegetated areas; in particular areas dominated by floating species (van Donk
and van de Bund, 2002). High light availability per se can enhance the production and exudation of some
macrophyte allelochemicals (Gross, 2003b) thus reinforcing macrophyte dominance.

Nutrient availability is another major factor regulating the structure and dynamics of macrophyte communities
and the abundance of phytoplankton species in aquatic systems (Gopal and Goel, 1993; Barko and James, 1998),
and may interact directly with allelopathy (Gross et al., 2007). Macrophytes can suppress microalgal growth
directly through nutrient competition (Fitzgerald, 1969). Furthermore, nutrient availability may alter the
allelopathic effect of macrophytes on microalgae. Some macrophytes have reduced allelopathic potential when
nutrients are limited (Mulderij et al., 2007b). In contrast, the inhibitory effect of some macrophytes on microalgae
is greater under low nutrient conditions (Fitzgerald, 1969; Lirling et al., 2006), suggesting that nutrient limitation
exerts additional stress on some microalgae. Hence, these nutrient-exhausted microalgae exhibit greater
susceptibility to allelochemicals (Mulderij et al., 2007b).

The physiology and physical structure of macrophytes can influence their allelopathic potential against
microalgae. For instance, submerged macrophytes can suppress microalgal growth more effectively than
emergent species because more of the plant biomass is under water where active production of allelochemicals
occurs (Gopal and Goel, 1993; Hilt and Gross, 2008). The effective secretion of allelochemicals may be influenced
by leaf anatomy. Submerged macrophytes have very thin leaves, which lack stomata and have fewer tight cell
connections compared with emergent species, an anatomy that can facilitate the excretion of allelopathic
substances (Hutchinson, 1975).

Some macrophytes are known to produce chemical substances in particularly high levels during the primary
growth stages of their life cycle (Planas et al., 1981; Gross, 2000; Mulderij et al., 2003). This indicates that these
macrophytes invest more in chemical defences at an earlier life stage, which is one strategy to allow the organism
to survive during this vulnerable period. For instance, Mulderij et al. (2003; 2005a) found that young macrophytes
had stronger bioactivity and excreted a greater amount of allelochemicals compared with older individuals.
Inhibition of the growth of Scenedesmus obliquus also occurred only when exposed to younger Stratiotes species
(Mulderij et al., 2005a). Younger leaves of P. illinoensis and Scirpus subterminalis produced allelochemicals more
effectively than senescent leaves of these species (Burkholder et al., 1990). Season is another factor determining
the level of the chemical constituents produced by macrophytes. For instance, M. spicatum produces
tellimagrandin Il in high concentrations in spring when phytoplankton growth is intense and competition for light
is strong (Gross, 2003b; Hilt and Gross, 2008).



Competition and allelopathic interactions between macrophytes

Interactions such as resource competition can determine the ultimate pattern of macrophyte species dominance
(MclLay, 1974; Gross, 2003a; Spencer and Rejmanek, 2010). Emergent macrophyte species rely solely on
sediments as the source of nutrients, while free-floating macrophytes acquire their nutrients from the water
column. Submerged species are capable of obtaining nutrients from both sediments and the surrounding water,
hence lowering the nutrient level in the system (Wetzel, 1988; Gopal and Goel, 1993). Furthermore, the ability to
utilize alternative sources of nutrients enables submerged macrophytes to survive even when the nutrient level
of the water column is low. This provides them with a competitive advantage (Barko and James, 1998).
Competition is expected to take place predominantly among species with comparable resource requirements
(Gopal and Goel, 1993; Spencer and Rejmanek, 2010). For example, Spencer and Rejmanek (2010) detected
greater interspecific competition than intraspecific competition between P. pectinatus and P. gramineus under
high light availability.

Competition for space can also have an impact on the distribution and abundance of macrophytes (Gopal and
Goel, 1993). Two major types of growth forms are exhibited by submerged macrophyte species. Stoloniferous
species form rosettes and do not develop long leaves or shoots (i.e. Chara) whereas rooted or non-rooted canopy
forming species (i.e. P. pectinatus and C. demersum respectively) have long shoots and their leaves extend near
the water surface (Spence, 1982).

Competition may be minimal among species with distinctly different structures and resource requirements. As a
result, they are expected to co-exist in a particular system due to limited competition for space, (i.e. stoloniferous
versus canopy forming species), or limited nutrient competition, (i.e. free-floating macrophytes versus rooted
submerged species) (Gopal and Goel, 1993). Nevertheless, MclLay (1974) has reported the exclusion of the
submerged macrophyte, P. pectinatus, by the emergent species, S. californicus. The free-floating species Lemna
perpusilla was also negatively affected by S. californicus. Furthermore, Mclay (1974) detected an antagonistic
interaction between L. perpusilla and P. pectinatus. As mentioned earlier, allelopathic interactions occur among
macrophyte species (Elakovich, 1989; Gopal and Goel, 1993; Gross, 2003a; Svensson et al., 2013) hence, this
interference between the free-floating, emergent and submerged species could be due to chemical intervention
rather than competition. Eleocharis coloradoensis (dwarf spike- rush) is known to have allelopathic effects on E.
canadensis, E. nutallii, N. guadalupensis, and several Potamogeton species (Frank and Dechoretz, 1980; Gopal and
Goel, 1993). It can be deduced then that an allelopathic interaction may be more critical than competition in
determining the dominance of macrophyte species with distinct resource requirements and structures.

Invasive species have specific physiological traits such as fast growth rate and a greater photosynthetic ability
under a broad range of environmental and nutrient conditions (Jahnke et al., 1991; Dendéne et al., 1993; Ozimek
et al.,, 1993). They are more successful in invading disturbed habitats such as eutrophic systems; therefore
nutrient reduction can have a negative impact on some invasive species (Baltz and Moyle, 1993; Quinn et al.,
2011; Gérard et al., 2014). Some invasive macrophytes are capable of storing nutrients in their tissues when
nutrient concentration in the system is high or, utilise nutrients more efficiently in poor-nutrient conditions
compared to native macrophytes (Mony et al., 2007; Yarrow et al., 2009; Wersal and Madsen, 2011; Gérard et
al., 2014). Although nutrient availability is important in regulating the growth and, ultimately, the success of plant
species, there are other factors that affect competition between invasive and native macrophytes (Vanderstukken
et al., 2011; Tabassum and Leishman, 2016). Thus, mechanisms such as allelopathy can be responsible for the
success of invasive species and can provide them with a competitive advantage in response to nutrient availability.

Native macrophytes with allelopathic potential may be used as biological control agents to manage algal blooms
or invasive macrophyte species. Charophytes are important allelopathic species in aguatic ecosystems as they are
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rapid colonizers and are pioneer species after restoration by biomanipulation (Mulderij et al., 2003). Charophytes
impede sediment re-suspension, deliver oxygen to the sediments and more importantly, are known as ‘nutrient
sinks” in shallow lakes (Kufel and Kufel, 2002). Hence, Chara species would be one potential candidate in
restoration plans. Potamogeton is another genus known to have allelopathic potential and its rapid vegetative
propagation would be an advantage in restoration processes (Nichols and Byron, 1986; Berger and Schagerl, 2004;
Zhang et al., 2009b; Pakdel et al., 2013).

Methodological issues in allelopathic investigations in freshwater systems

Despite a recent increase in research focus on the role of allelopathic effects of macrophytes in freshwater
systems (Mulderij et al., 2007a; Qin et al., 2010; Takeda et al., 2011; Vanderstukken et al., 2011), this area is still
a subject of debate, because the confirmation of allelopathic interactions in situ is challenging (Gross et al., 2007).
There is a list of requirements that should be addressed to demonstrate the existence of allelopathic interactions
between species (Willis, 1985). In order to fulfil these requirements, any study of allelopathy must be designed
to reveal the production and release of allelochemicals by donor species and transportation of these chemicals
through the surrounding environment. In addition, the uptake and consequent pattern of inhibition of the target
species must be confirmed. Finally, the pattern of inhibition must be primarily explained by the allelopathic
interaction between donor-target species rather than other biotic and abiotic factors such as competition,
disease, light or temperature. (Willis, 1985; Gross et al., 2007).

A range of methodologies has been employed to investigate allelopathic interactions between macrophytes and
microalgae. The most common laboratory experiments include the use of macrophyte extracts (plants’
constituents extracted in a solvent), exudates (liquids in which the macrophytes have been incubated) or live
material (Nakai et al., 1999; Mulderij et al., 2005b; Wu et al., 2007a; 2007b; He et al., 2008; Mohamed and Al
Shehri, 2010; Vanderstukken et al., 2011). Extract experiments give no substantial ecological evidence about the
natural release of allelochemicals (Gross et al., 2007) and when conducted in laboratories, may underestimate
the effect of allelochemicals if the chemical substances are labile, or if bacterial metabolism occurs during the
exudation period. Constant exudation of allelochemicals occurs in nature whereas this cannot be replicated in
many laboratory experiments (Gross, 2003a; Gross et al., 2007). Co-existence experiments (using live material)
are approaches more comparable to natural conditions. However, on their own, these still fail to give ecological
proof of the presence of allelopathy. Co-existence experiments only reflect the inter-specific interactions between
donor and target species, which could be related to mechanisms other than allelopathy (e.g. competition for light,
nutrients or other resources). Another inherent problem with co-existence studies is the existence of other
associated organisms such as bacteria, epiphytes and zooplankton, which may alter the interaction between
macrophytes and phytoplankton (Gross et al., 2007). Utilising sterile dialysis cassettes is one method that can be
used to demonstrate the allelopathic potential of macrophytes on microalgae by eliminating the effects of other
organisms. A combination of laboratory and coexistence experiments undertaken in outdoor conditions within
the one study could perhaps provide the most defensible outcomes. Furthermore, the effects of other
confounding factors such as competition should be eliminated. Studies of allelopathic interactions between
different macrophyte species can also provide more reliable conclusions if the effects of factors such as
competition, light and shading is minimized.

Research question

The present understanding of allelopathic interactions in aquatic systems is incomplete and fragmentary. Despite
extensive research and literature, there is much that remains to be explored (Gross et al., 2007; Mulderij et al,.
2007a; Hilt and Gross, 2008; Hu and Hong 2008; Zhang et al., 2009a; 2009b; Zhu et al., 2010; Takeda et al., 2011).
However, information accumulated to date strongly suggests that allelopathic interactions between submerged
macrophyte species and other freshwater organisms do exist. There is a hope that in the long term, different
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pieces of evidence, combined with recent advances in technology and methodologies in this area, will ultimately
lead us to the answers with regard to the effects of allelopathy in freshwater systems (Gross et al., 2007).

Mesocosm studies and field investigations have seldom been undertaken to study the relationships between
freshwater macrophytes, microalgae and invertebrates in the context of allelopathy to test the NWH and the ERH.
Furthermore, an explicit test of the NWH has not been conducted in freshwater systems. However, some aquatic
invasive species are known to produce chemical substances and have allelopathic effects on native species (in
freshwater systems, Erhard and Gross, 2006; Marko et al., 2008; in marine systems, Svensson et al., 3013). There
are also insufficient studies testing the NWH using invasive macrophytes as the donor species and freshwater
native vascular plants as the target organism. Furthermore, most studies investigating the effects of invasive
macrophytes on other biota such as invertebrates are descriptive. The indirect effects of the macrophyte
community on microalgal blooms have been investigated using outdoor ponds (Schriver et al., 1995; Bakker et al.,
2010). However, to date, not many outdoor experiments have been carried out to test for variation between the
allelopathic effects of native and invasive freshwater macrophytes.

The main objective of this study was to address the knowledge gap by following a line of investigations—from
laboratory trials to a mesocosm study—to explore the role of native and invasive allelopathic macrophytes in
freshwater systems and their interaction with other organisms. The allelopathic potential of several invasive
macrophyte species was investigated on green algal and cyanobacterial species and was compared to the
allelopathic potential of native macrophytes to determine whether allelopathy is the key trait responsible for the
success of these invaders. This included a set of assays to screen live material in controlled laboratory conditions.
An outdoor experiment was carried out to further explore the mechanisms responsible for the invasion success
of invasive species by investigating the allelopathic effects of native and invasive macrophytes on a cyanobacterial
species that causes noxious blooms around the globe and in Australia. The density of free-living microalgae was
also measured in ponds where native or invasive macrophytes were present (Chapter 2). The deterrent activity
of native and invasive macrophytes on invertebrate communities was investigated by examining the community
dynamics of macro and microinvertebrates in native and invasive macrophyte stands. Macrophytes were grown
either as mono-culture or co-culture stands in order to determine if invertebrates prefer native versus invasive
species. This experiment was conducted to determine if the mono-specific stands of invasive macrophytes were
a less suitable habitat for invertebrates and if they deter invertebrates via allelopathy. (Chapter 3). Furthermore,
the bioactivity of an invasive macrophyte was investigated on two potential native ‘enemies’ to test the ERH and
the NWH (Chapter 4). This research may provide further insights into understanding the allelopathic effects of
native and invasive macrophytes on microalgae and aquatic invertebrates. The current study also sought to
determine whether the role of allelopathic native versus invasive macrophytes differs in some wetland systems.
A conceptual model has been created to summarise the structure of the study to investigate the major research
question (Fig. 2).
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Thesis Structure Outline:

This thesis comprises five chapters: a general introduction, three data chapters and a general discussion. Each
data chapter is self-contained and is a manuscript under revision a peer-reviewed scientific journal. For this
reason, some aspects are presented in more than one chapter and there might be some overlap, particularly in
the introduction of different chapters. All data chapters included in this thesis have been written in the style of
the journal to which they have been or will be submitted. However, section headings, format, numbering and
referencing have been amended to be consistent across the thesis. The terms ‘exotic’, and ‘non-indigenous’,
‘allelopathic activity’ and ‘bioactivity’, ‘mono-specific’ and ‘mono-culture’, ‘macrophyte stands’, ‘macrophyte
meadows’ and ‘macrophyte beds’ and, ‘microalga’ and ‘phytoplankton’ have been used interchangeably
throughout the thesis.

Chapter 1: General introduction: The role of allelopathic native and invasive macrophytes in freshwater
systems

The introductory chapter included background information on the allelopathic effects of native and invasive
macrophytes on phytoplankton, macroinvertebrates and zooplankton. This chapter reviewed allelopathic
interactions between some of the most studied native and invasive macrophyte taxa and other organisms and
considered the effects of various biotic and abiotic factors on allelopathy of macrophytes. The negative effects of
invasive macrophyte species on freshwater biota were briefly described. The majority of examples provided in
this chapter were about allelopathic effects of macrophytes on phytoplankton because studies of allelopathic
interactions among macrophyte species, especially native and invasive macrophytes in freshwater systems are
scarce.

Chapter 2: Novel chemical weapons: growth inhibition of cyanobacteria and green algae by invasive and
native macrophytes

Allelopathic effects of selected native and invasive macrophytes were investigated on the most dominant species
of microalgae that form blooms in many wetlands around the globe, including Australia. This was performed as a
series of laboratory experiments, including a test of the species-specificity of macrophyte allelochemicals on
selected microalgae. This chapter included an investigation of the allelopathic potential of three invasive
macrophyte species present within wetlands in several states of Australia. A mesocosm study was carried out to
ascertain the effectiveness of allelochemicals in suppressing microalgal growth in natural systems using dialysis
cassettes. Moreover, the effect of native versus invasive macrophyte species on the growth of naturally occurring
microalgae was investigated (Fig. 2).

Chapter 3: The influence of native and invasive macrophytes on aquatic invertebrate communities: a
mesocosm study

The taxon richness, abundance, community composition and distribution of functional feeding groups (FFG) of
invertebrates in native and invasive macrophyte meadows were investigated. Two different mesocosm studies
were conducted to 1) determine the effect of native and invasive macrophytes on the invertebrate communities
and 2) investigate invertebrates’ preference for native vs. invasive macrophyte stands as refuge (Fig. 2).

Chapter 4: Bioactivity of an invasive macrophyte species on a potential native enemy and a native competitor
In this study, the ERH and the NWH were scrutinised simultaneously by investigating the bioactivity of an invasive

macrophyte in order to determine whether the invasive species uses its novel chemicals against natural ‘enemies’
such as competitors and herbivores. The allelopathic effect of C. caroliniana was examined on a common native
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macrophyte in the wetlands in Australia. The native moth larva, Parapoynx rugosalis, is known to feed on
Potamogeton species. The damage caused via herbivory by the moth larvae on C. caroliniana and its natural food
source was compared to determine whether the invasive macrophytes had anti-herbivore activity (Fig. 2).

Chapter 5: General discussion

The findings from all data chapters (2-4) were integrated and implications and future research were discussed in
this part of the thesis. The outcomes from the three data chapters were placed in the context of broader
ecological applications and some suggestions were made to explain the importance of investigating the
allelopathic potential of freshwater macrophytes, specifically invasive species. These investigations may provide
valuable insight into understanding the impacts of invasive macrophytes on freshwater communities and hence
inform better management strategies.
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Abstract

1. Some invasive plant species are allelopathic, producing biochemicals that reduce the growth,
reproduction and survival of competitors and other organisms. This can confer a competitive
advantage, particularly where the invasive species possess novel biochemistry to which the native
species are not adapted (‘Novel Weapons Hypothesis’, NWH). Relatively little is known about the
direct phytotoxic effects of invasive plants on microalgae in aquatic systems.

2. We performed assays to test the NWH in freshwater systems by investigating the allelopathic
potential of live material from three invasive and four native macrophytes, using several native
microalgal species as the target organisms. We furthermore investigated the allelopathic effects of
Cabomba caroliniana (invasive) and Potamogeton ochreatus (native) on cyanobacteria using
dialysis cassettes and on free living microalgae with and without nutrient addition.

3. All three invasive macrophytes exhibited the potential for allelopathic impacts on microalgae,
with the strongest effect exerted by C. caroliniana. In most cases, the effect of C. caroliniana was
stronger than that of native species. We also found a strong inhibitory effect of C. caroliniana and
P. ochreatus on the growth of M. aeruginosa using dialysis cassettes in mesocosms. However, the
density of free microalgae in ponds containing C. caroliniana was significantly lower than in the
ponds with P. ochreatus and the controls. The effects were similar in nutrient addition ponds and
after nutrient addition to the ponds ceased.

4. These outcomes suggest that these invasive species are allelopathically active. However, the
success of allelopathy as an invasion strategy may vary depending on the composition of native
microalgal communities already present within a system.

5. Synthesis. This study shows that these invasive macrophytes have strong potential allelopathic
effects towards microalgae; however, such effects were species-specific in two of the invasive
species tested. Our findings also provide evidence that C. caroliniana is allelopathically active
towards M. aeruginosa and other microalgal species in non-laboratory conditions and this
mechanism may have an important role in facilitating the success of exotic macrophytes in the
invaded areas.

Key-words: allelopathy, biological invasion, cyanobacteria, freshwater macrophytes.
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Introduction

The invasion and displacement of native plants by invasive species are major threats that can lead to declines in
biodiversity and local extinctions in many systems (Mooney and Cleland, 2001). The impact of invasion is
considerably greater in aquatic systems than in terrestrial environments. For example, invasive species are
predicted to be the major cause of biodiversity decline in lake systems and are classified as the third major driver
of biodiversity loss in streams (after land-use and climate change) in less than a century (Sala et al., 2000).

There are various biotic (e.g. biodiversity of native macrophyte species (angiosperms and macroalgae)) and abiotic
(disturbance, water chemistry, water regime, sediment conditions, light availability and shading by riparian
vegetation) factors that affect macrophyte invasions in freshwater systems (Thomaz et al., 2015). Furthermore,
invasive macrophyte species have specific attributes that enable them to establish and proliferate from their point
of introduction. It is important to understand the mechanisms that make some non-indigenous plant species
successful invaders, because of the significant impacts of invasive plants on native communities. Understanding
these mechanisms helps us to predict the potential spread of the invasive species and to manage and control
their future distribution (Jacobs and Maclsaac, 2009; Fleming and Dibble, 2015). Multiple studies have
demonstrated a decline in plant biodiversity due to either the direct or the indirect effects of invasive species
(Wilcove et al., 1998; Gurevitch and Padilla, 2004; Svensson et al., 2011). Competition is a direct interaction
between native and invasive species that can determine individual plant success and ultimately, plant diversity
(Fleming and Dibble, 2015). Invasive species in general have a greater capacity to competitively restrain the
growth of natives in the new ranges than at home (Callaway et al., 2011; Inderijit et al., 2011a). Allelopathy is
another direct interaction that can determine community structure and can alter competitive outcomes (Molisch,
1937; Willis, 1985; 2008). Allelopathy is the production and release of chemical substances by plants that reduces
the growth, reproduction and survival of competitors and other organisms (Willis, 2008). This mechanism has
been proposed to be used by invasive plants (Steenhagen and Zimdahl, 1979), but has taken longer to be
recognised as an effective strategy in invasion biology (Inderjit et al., 2011b).

Exploitative competition for nutrients and allelopathic interactions are two major biological processes that occur
between freshwater macrophytes and phytoplankton (Gopal and Goel, 1993; Vanderstukken et al., 2011). These
can be major elements that drive the occurrence of alternative states, namely the ‘macrophyte-dominated state’
and the ‘phytoplankton-dominated state’ (Scheffer, 1998), in shallow freshwater wetlands. Phytoplankton have a
greater ability than freshwater macrophytes to grow under high nutrient conditions because they have a higher
rate of biomass development. This can lead to the formation of blooms that cover the surface of the waterbody;
limiting light penetration into the deeper parts of the waterbody and shading out submerged macrophytes
(Scheffer, 1998; Ansari et al., 2010). Submerged macrophytes on the other hand, can restrain phytoplankton
biomass via competition for nutrients and light and chemical interference (van Donk and van de Bund, 2002;
Mulderij et al., 2007; Pakdel et al., 2013).

The ‘Novel Weapons Hypothesis” (NWH) predicts that allelopathic plant species have the potential to become
invasive when introduced into a new environment because the native species are not adapted to the novel
biochemistry of the non-indigenous species (Callaway and Aschehoug, 2000). Hence, invasive aquatic plants with
allelopathic activity may be capable of controlling the development of phytoplankton or native macrophytes and
become competitively superior through chemical interference. This strategy may allow the invasive species to
expand their distribution or invade new areas.

The effect of plant biochemistry on biological invasion has been frequently tested among plant species in
terrestrial environments. Many studies have also investigated the allelopathic potential of freshwater plants on
phytoplankton in their native ranges (Hutchinson, 1975; Anthoni et al., 1980; Blindow, 1987; Gross, 2003; Ferrier
et al., 2005; Hu and Hong, 2008) and found that macrophyte species with allelopathic potential can control the
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growth of phytoplankton even in nutrient rich environments (Pakdel et al., 2013). However, studies investigating
the role of allelopathy in aquatic invasions are fairly recent and scarce, but have shown that some invasive
macrophyte species produce allelopathic chemical substances (Jarchow and Cook, 2009; Svensson et al., 2013).
Erhard and Gross (2006) found a negative impact of invasive freshwater macrophytes on epiphytic algae and
cyanobacteria via chemical intervention. The inhibitory effect of another invasive plant, Eichhornia crassipes, was
also observed on Microcystis aeruginosa (Wu et al., 2012). Moreover, Svensson et al. (2013) found that the marine
invasive macroalga, Bonnemaisonia hamifera can allelopathically exclude native competitors and hence form
mono-specific stands. To date, however, there have been no studies that use laboratory techniques, mesocosm
studies or field surveys to explicitly test allelopathy and the direct phytotoxic effects of invasive plants on their
competitors in freshwater systems.

Cabomba caroliniana, Egeria densa and Elodea canadensis are submerged perennial plants that have been
introduced, either deliberately or accidentally, to many parts of the world, and are considered noxious weeds in
various countries including Australia (Mackey and Swarbrick, 1997; Parsons and Cuthbertson, 2001; Sainty and
Jacobs, 2003; ISSG, 2005; Brundu, 2015). There are many problems associated with the introduction and spread
of these species including impediment of water flow and interference with the recreational use of waterways.
They usually displace native macrophytes and form mono-specific stands, which are a less suitable habitat and
food source for zooplankton and other biota. Consequently, they reduce biodiversity and the overall quality of
the wetland (Mackey and Swarbrick, 1997; Thiebaut et al., 1997; Parsons and Cuthbertson, 2001; Sainty and
Jacobs, 2003).

Our aim was to examine the role of allelopathy in the antagonistic interaction between these three invasive
macrophytes and their competitors. We specifically sought to investigate the potential allelopathic effects of
these three invasive species on the growth of microalgae (green algae and cyanobacteria) and to test whether
the effect of their biochemistry differs from that of co-occurring native macrophytes.

Materials and methods
EXPERIMENT 1-SCREENING OF LIVE MATERIAL ASSAY

We performed ‘screening of live material’ assays to examine the potential allelopathic activity of the invasive
macrophytes on microalgae and compare their activity to those of Australian natives (Table 1). We carried out a
plate diffusion assay following the procedures described in Berger and Schagerl (2004) and Pakdel et al. (2013).
The experiment was conducted in a 2341 °C constant temperature room (CT room) with a 14:10 light: dark period
and 50 umol photons PAR m? s during the light phase, these conditions being optimal for growth of the green
algae and cyanobacteria used.

Study organisms

We conducted the screening assays using several native and invasive macrophytes as the donor species and native
microalgae as the target organism (Table 1). Cabomba caroliniana is native to South America. This species has
become a highly invasive plant in the United States, Canada and several European, Asian and Pacific countries as
well as Australia (@rgaard, 1991; ISSG, 2005; Brundu, 2015). Cabomba caroliniana is currently a weed of national
significance in some of these countries. It reproduces sexually by producing seeds and vegetatively via
fragmentation (Mackey and Swarbrick, 1997). Elodea canadensis and E. densa spread via fragmentation and are
native to North America and parts of South America respectively (Parsons and Cuthbertson, 2001; Sainty and
Jacobs, 2003). All three species grow rooted in sediments, inhabit both standing and flowing waters, and thrive in
nutrient-rich environments.
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Fresh plant material of both native and invasive macrophytes were collected from different systems during spring
and summer from 2013 to 2016. We collected C. caroliniana from Lake Nagambie (36°47'0"S 145°8'30"E), an
artificial reservoir located in the Goldfields area in northern Victoria. Potamogeton crispus and P. ochreatus were
collected from the Hampton Park Wetland in Hampton Park, Victoria (38°02'14.1"S 145°16'24.9"E). All other
macrophyte species were obtained from the Department of Environment and Primary Industries located in
Frankston, Victoria. The macrophytes were gently washed under tap water to remove debris and aquatic
invertebrates. In order to control for variability in anatomy and physiology of the donor organisms, only young
leaves and stems of the macrophytes containing the apical meristem were used.

Microcystis aeruginosa and A. circinalis were purchased from the CSIRO Australian National Algae Culture
Collection, Hobart, Tasmania. All other microalgal species were obtained from cultures held in the Algal Physiology
Laboratory at Monash University, which had previously been isolated from water samples collected on campus.
The target organisms were cultured separately in 250 mL sterilised Erlenmeyer flasks with 100 mL BG-11 (A.
variabilis and Synechococcus sp.) and MLA (A. circinalis M. aeruginosa, Chlorella sp. and S. quadricauda) medium
modified after Mohamed and Al Shehri (2010) and Bolch and Blackburn (1996) respectively. Flasks were incubated
in a CT room at Monash University, Clayton under the same laboratory conditions described above.

Table 1. List of selected macrophytes and microalgal species used in the experiments.

Invasive Native

Macrophyte Cabomba caroliniana Gray (water fanwort) Ceratophyllum demersum L. (hornwort)
Egeria densa Planch (Brazilian elodea) Nitella sp. A. Braun
Elodea canadensis Michaux (Canadian elodea) Potamogeton crispus L. (curly pondweed)

Potamogeton ochreatus Raoul (blunt pondweed)

Cyanobacteria Green algae

Microalgae Anabaena circinalis-CS534, Rabenhorst Chlorella sp.-Chl1
Source, Tullaroop Reservoir, Victoria, Australia Source, Monash University, Victoria, Australia
Anabaena variabilis-Avarl, Kitzing Scenedesmus quadricauda-Scenqgl (Turpin)
Source, Monash University, Victoria, Australia Brébisson
Microcystis aeruginosa- CS338, (Kutzing) Source, Monash University, Victoria, Australia
Lemmermann
Source, Gippsland Lakes, Victoria, Australia
Synechococcus sp.-Synl
Source, Monash University, Victoria, Australia

Experimental procedure

Fresh plant material was used in these assays shortly after collection. The effect of potential exudation of
allelochemicals by macrophyte shoots on the growth of microalgae was investigated in this experiment using
agar-solidified medium in Petri dishes. Macrophytes were considered allelopathically active if the growth of the
cyanobacterial or algal species was significantly lower in treatments containing live macrophyte material than
controls (without macrophytes). Other factors such as nutrient and light levels and temperature were
standardised in the laboratory in order to separate the effect of these factors from those of allelopathy. Thirty mL
of 1.0% (distilled water) agar (Merck 1614) formed the basic layer of four replicate sterile Petri dishes. Culture
medium (0.2% agar) enriched with the target organism at a cell density of 5x10° cells mL? was added after 2 h.
The Petri dishes were then incubated for 24 h. Following the incubation period, 0.5 g per dish (approximately
equivalent to 10 g/L in a natural environment) of either macrophyte was placed in the centre of each Petri dish,
partially covered by the second layer of culture medium. Controls were made identically, but without the
macrophyte material. The density of epiphytic algae was checked using microscopy to ensure that it was
negligible. The plates were incubated for 8 days and the areas of microalgal growth inhibition (clear areas) were
measured at day 8. Clear areas were quantified by placing a gridded square drawn on a clear plastic (1cm x 1cm)
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on top of each Petri dish and measuring the areas that appeared clear to the naked eye. The size of the areas of
inhibited growth was used as an indication of the allelopathic potential of the macrophytes.

EXPERIMENT 2-DIALYSIS CASSETTES

We also conducted a co-culture experiment to examine the allelopathic potential of C. caroliniana and the native
macrophyte, P. ochreatus on M. aeruginosa in conditions outside the laboratory. When investigating allelopathic
interactions taking place outside controlled laboratory conditions, one inherent problem is the presence of
organisms associated with the macrophytes such as bacteria, epiphytes and zooplankton. These associated
organisms may alter the interaction between macrophytes and microalgae in co-existence studies (Gross et al.,
2007). Therefore, in this experiment, we used sterile dialysis cassettes to exclude contamination and grazing by
other organisms. Water and dissolved chemicals were able to pass through these membranes without the
microalgae escaping.

Study organisms

Potamogeton ochreatus is a native species that occurs in both standing and flowing waters. We chose this
perennial plant for further investigation because it grows well in nutrient-rich environments and is very common
across a range of wetland types in Victoria (Jessop et al., 1986; Sainty and Jacobs, 2003). Microcystis aeruginosa
was chosen as the target organism in this experiment because it is one of the main toxin-producing cyanobacterial
species that forms blooms in many parts of the world including Australian wetlands (Croome et al., 2012; Falconer,
2012; Williams and Cole, 2013). We collected C. caroliniana and P. ochreatus from Lake Nagambie and Hampton
Park Wetland respectively (details above). Microcystis aeruginosa was cultured in 250 mL sterilised Erlenmeyer
flasks with 100 mL MLA solution. Flasks were incubated under the same conditions used for experiment 1.

Experimental procedure

The experiment was conducted outdoors in the Jock Marshall Reserve (JMR) at Monash University, Victoria,
during summer 2014-2015. Outdoor fibreglass ponds of 1.65 m radius, 0.5 m height and approximately 1000 L
capacity were used. We added 15 cm of soil covered with 3 cm washed white sand to each pond to provide a
benthic substrate. Rainwater from the tanks near the plant facility centre was used to fill the ponds. Plant material
was gently washed free of debris and aquatic organisms and was introduced into the ponds in the first week of
December 2014. Filamentous algae were removed from the shoots by hand. In three of the ponds, 15 cm shoots
of C. caroliniana were planted with 2-3 cm of the stem embedded in the sediment and the remaining length,
containing the apical meristem, above the sediment. No secondary branches were present on the shoots.
Potamogeton ochreatus (whole plant) was planted by embedding the rhizomes into the sediment. Macrophytes
were planted in the ponds (three replicate mesocosms for each plant species) to cover 50% of the total area of
the ponds. The same procedure was applied to the controls, but no macrophytes were added. The ponds were
covered by bird netting (1 mm? mesh size, 10-15% shading) to prevent wind or animal dispersal of invasive species
into the nearby JMR wetland. Three slow-release fertiliser tablets (Osmocote, Plus Trace Elements - Water
Gardens & Aquatic Plants, Scotts, Australia) were added to each pond every two weeks to mitigate potential
nutrient limitation and competition on cyanobacterial growth.

Introduction of dialysis cassettes containing M. aeruginosa into the ponds took place after one year at the end of
January 2015. We measured cell density of the cyanobacteria prior to the experiment using a haemocytometer
and a compound microscope. We also measured optical density (OD) of the same sample at 750 nm in a UV visible
spectrophotometer (Cary, 50 Bio). Our preliminary results showed a high positive correlation between cell density
and ODyso; therefore, we used OD7so as a parameter to determine the growth of the cyanobacteria. Sterile dialysis
cassettes (Slide-A-Lyzer dialysis cassette, 10000MWCO, 0.5-3 mL, Thermo Fisher Scientific) were soaked in
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distilled water for one minute prior to use. Unialgal cultures of M. aeruginosa (3 mL) with an initial concentration
of OD7s0 = 0.61 were added to the cassettes and were placed in the mesocosms. We suspended three cassettes
in each pond, just below the surface of the water near the plants, by attaching them to floats. The OD7so of the
cyanobacteria grown in the control and the treatment ponds was then measured every day for five days. The
OD7so reading of each replicate at each sampling date was recorded to determine the growth rate of M.
aeruginosa in the presence of macrophytes over time.

EXPERIMENT 3-CO-CULTURE ASSAY

Furthermore, we tested the allelopathic potential of invasive and native macrophytes by measuring natural
populations of microalgae growing in ponds (used in experiment 2) containing C. caroliniana and comparing it to
the ponds with P. ochreatus and the controls with and without nutrient addition. Two water samples (5 mL) were
collected from the surface water no more than 2 cm deep from within each pond in mid-February 2015 (total
replicates of six pooled water samples). The OD7so of the water samples from the control and the treatment ponds
were measured using the same procedures described in experiment 2. We then discontinued nutrient addition
to the ponds in order to investigate the effects of potential nutrient limitation on the bioactivity of the two
macrophytes on microalgae. The OD7so measurements were repeated after one year in mid-Feb 2016. The OD7s0
of the samples from the macrophyte treatment was compared to the controls and between the two years. Given
the complex structure of macrophytes such as C. caroliniana and P. ochreatus, measuring surface area of the
plants s difficult. As a consequence, we used % cover as a proxy for plant biomass.The % cover of the macrophytes
in the ponds was measured and was compared between the two sampling occasions to ensure that plant density
was not affected by possible nutrient limitation.

STATISTICAL ANALYSIS (ALL EXPERIMENTS)

We used single factor ANOVAs to compare the final percentage of cleared areas of each microalgal species caused
by the macrophytes between the different treatments and controls at the end of experiment 1. A Linear Mixed
Effects Model (LMEM) was undertaken to compare the cyanobacterial OD7sp in the treatments with the controls
in the experiments 2. Treatment (macrophytes or control) and time (day) were included as fixed effects in the
analysis. Replicates were used as a random effect to avoid pseudo-replication (Logan, 2010). Two-factor ANOVAs
were run to compare the microalgal OD7sg in the treatment (containing plants) and the control ponds in different
nutrient conditions in the experiment 3. All data were checked for normality and homoscedasticity. We
transformed data when necessary to improve normality. Data recorded as percentages (% of microalgae cleared
in petri dish) were arcsine square root-transformed. Tukey’s post hoc tests were then performed to assess
significant differences between different treatments. We used the R statistical programme (RStudio, ver. 3.3.1
(2016-06-21)) with a criterion of a = 0.05 for statistical significance.

Results

EXPERIMENT 1-SCREENING OF LIVE MATERIAL ASSAY

We found significant effects of macrophyte presence on the clearing area of all target species (Table 2). The effect
of macrophytes on microalgal growth was species-specific (Fig. 1, Table 3). Both native and invasive macrophytes
(except E. densa and P. ochreatus) inhibited the growth of all cyanobacteria (Fig. 1, Table 3). Furthermore, green

algae exhibited less sensitivity than cyanobacteria when exposed to both native and invasive macrophytes. The
effect of C. caroliniana was stronger than most native species (Fig. 1, Table 3).

30



Table 2. Single factor ANOVAs results: the effect of macrophyte treatment on the growth of green algal and cyanobacterial
species (cleared areas caused by the presence of macrophytes by the end of experiment 1, *** = p < 0.001).

daf F-value pvalue
Cyanobacteria
Anabaena circinalis 7 23.76 *AK
Anabaena variabilis 7 40.79 *AK
Microcystis aeruginosa 7 50.17 HoK
Synechococcus sp. 7 19.74 *kx
Chlorophytes
Chlorella sp. 7 5.084 *kx
Scenedesmus quadricauda 7 21.81 *kx
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Fig. 1. Mean (+SE) percentage of Petri dish area cleared of the microalgal species in the presence of native (black
bars) and invasive (grey bars) macrophytes live material and controls (white bars) at day 8 after initial inoculation
(n = 4). Asterisks indicate significant differences compared to controls (* = p < 0.05, ** = p < 0.01, *** = p < 0.001)
and letters represent significant differences comparing the growth inhibitory effects of native and invasive
macrophytes on the target species (a = 0.05).

Note: the clearing area of Synechococcus sp. = 0 in the presence of E. densa.
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Table 3. Outcome of Tukey’s post hoc tests comparing the effects of live material of different native and invasive macrophytes and controls on the growth of cyanobacteria and green algae. (* =
p < 0.05, ** = p < 0.01, *** = p < 0.001).

Macrophytes A. circinalis A. variabilis M. aeruginosa Synechococcus sp. Chlorella sp. S. quadricauda
C. caroliniana - E. densa * HRx HRx HRx 0.99 0.99
C. caroliniana - C. demersum 0.19 0.99 0.07 0.99 0.99 0.99
C. caroliniana - Nitella sp. * wok HRx 0.99 0.60 wok
C. caroliniana - E. canadensis wok wok wok * 0.99 HRx
C. caroliniana - P. crispus 0.99 0.75 * 0.90 1.00 HRx
C. caroliniana - P. ochreatus HRx HRx HRx 0.98 * HRx
C. caroliniana - Control HRx HRx HRx HRx * HRx
E. densa - C. demersum 0.96 HRx 0.55 HRx 1.00 0.99
E. densa - Nitella sp. 0.99 HRx 0.99 HRx 0.78 wok
E. densa - E. canadensis 0.98 HRx 0.99 wok 0.99 HRx
E. densa - P. crispus 0.08 HRx 0.69 HRx 0.99 HRx
E. densa - P. ochreatus * 1.00 0.92 HRx 0.11 HRx
E. densa - Control HRx 0.98 HRx 0.99 * HRx
E. canadensis - C. demersum 0.56 HRx 0.82 0.08 0.99 HRx
E. canadensis - Nitella sp. 0.99 0.99 0.99 0.08 0.48 0.55
E. canadensis - P. crispus 0.39 0.052 0.92 0.23 0.99 0.97
E. canadensis - P. ochreatus * HRx 0.69 0.10 * 0.99
E. canadensis - Control HRx wok HRx * ok 0.99
C. demersum - Nitella sp. 0.93 HRx 0.40 1.00 0.80 *ok
C. demersum - P. crispus 0.47 0.37 0.99 0.99 0.99 HRx
C. demersum - P. ochreatus wok HRx 0.07 1.00 0.12 HRx
C. demersum - Control HRx HRx HRx HRx * HRx
Nitella sp. - P. crispus 0.11 0.12 0.55 0.99 0.85 0.26
Nitella sp. - P. ochreatus 0.06 HRx 0.97 1.00 0.63 0.97
Nitella sp. - Control HRx wok HRx HRx 0.48 0.26
P. crispus - P. ochreatus HRx HRx 0.12 0.99 0.06 0.80
P. crispus - Control HRx HRx HRx HRx * 0.80
P. ochreatus - Control wok 0.98 HRx HRx 0.99 1.00
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EXPERIMENT 2-DIALYSIS CASSETTES

The growth of M. ageruginosa was reduced when exposed to C. caroliniana or P. ochreatus compared to the
controls (Fig. 2). We found significant effects of treatment (F = 32.34, df = 37, p < 0.001) and time (F =9.39, df =
37, p < 0.01), however, the effects of their interaction was non-significant. Tukey’s post hoc tests revealed
significant differences between the OD7so of the cyanobacteria where C. caroliniana or P. ochreatus were present
compared to the controls (p < 0.001, Fig. 2). Nonetheless, no significant differences were found in the OD7so of
the cyanobacteria in the presence of C. caroliniana compared to P. ochreatus (Fig. 2).
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Fig. 2. Mean (+SE) concentration (ODysq) of Microcystis aeruginosa in the presence of macrophytes and control at
different days (n = 9).

EXPERIMENT 3-CO-CULTURE ASSAY

We found a lower algal density in the ponds where C. caroliniana was present compared to P. ochreatus and
controls. There was a significant effect of macrophyte treatment (F=20.11, df = 2, p < 0.001), although, the effects
of time (year) and their interaction were not significant. We found a significant difference between the OD7sp of
water samples taken from the ponds containing C. caroliniana compared to the controls (p < 0.001, Fig. 3). The
OD7s0 of water samples obtained from the ponds with P. ochreatus was significantly higher than the ponds with
C. caroliniana (p < 0.001, Fig. 3). However, the OD7so of water samples form P. ochreatus and the control ponds
were similar (Fig. 3). Furthermore, there was no significant difference in the % cover of the two macrophytes with
and without nutrient addition (Fig. 4).
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Fig. 3. Mean (£SE) concentration (ODyso) of phytoplankton in the ponds containing macrophytes (either native or
invasive) and the controls (no macrophytes) with (2015) and without (2016) nutrient addition (n = 6).
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Fig. 4. Mean (+SE) % cover of Potamogeton ochreatus (native) and Cabomba caroliniana (invasive) in the nutrient
addition condition (2015) and after nutrient addition stopped (2016) (n = 3).

Discussion

The presence of both native and invasive macrophytes had significant deleterious effects on the growth of the
target microalgal species, although C. caroliniana had a stronger bioactivity than most native species. In order to
focus on the potential effects of naturally-released chemical metabolites on target species, we minimised the
effects of nutrient limitation in all three experiments (throughout experiments 1 and 2 and in the first part of
experiment 3) and controlled the effects of light and temperature on the interactions between the species in the
live material assays. The lack of an effect using highly competitive species such as E. densa and E. canadensis may
also indicate that microalgae were not nutrient limited and there might be some other strategies such as potential
allelopathy that affected the target organisms (which was weak on some target species and stronger on others).
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Moreover, we conducted the mesocosm study with and without nutrient addition and found that nutrient level
did not impact the bioactivity of the macrophytes. In addition, the % cover of the macrophyte stands was not
affected after nutrient addition ceased. The natural community of algae also showed a consistent density despite
nutrient addition/no addition in all macrophyte treatments and controls, which indicates that nutrient limitation
had a minor effect on the density of phytoplankton. We also excluded bacterial contamination by using sterile
dialysis cassettes. Although zooplankton grazing had no substantial impact on phytoplankton biomass in a
previous mesocosm study (Vanderstukken et al., 2011), we excluded the effects of grazing by conducting live
material assays in experiment 1 and using dialysis cassettes in experiment 2. Studies using purified macrophyte
compounds or plant culture filtrates can demonstrate the algicidal activity of submerged macrophyte tissues, but
they provide no substantial ecological evidence about the natural release of allelochemicals in situ (Gross et al.,
2007). Glomski et al. (2002) for instance, identified secondary metabolites in the tissues of two invasive
macrophytes, Hydrilla verticillata and Myriophyllum spicatum; however, these compounds could not be detected
in the water column. Hence, we endeavoured to employ a set of methodologies that considered all these factors,
which has enabled us to conclude with a greater certainty that the growth inhibition of the target species was
largely due to the allelopathic potential of the macrophytes.

We found strong allelopathic effects of the three invasive species on the microalgae in most donor-target species
combinations in experiment 1, although the effects were species-specific in the presence of E. canadensis and E.
densa. Species-specific allelopathic potential was also evident in most native macrophytes, which could be due to
adaptation of microalgae to allelopathy of the particular donor plant (Reigosa et al., 1999; Muller-Scharer et al.,
2004). Elodea canadensis inhibited the growth of all cyanobacterial and one green algal species. Cyanobacteria
are known to have a higher susceptibility to allelopathy and have been inhibited more strongly than green algae
and diatoms by allelopathic activity of a broad range of macrophytes (Kérner and Nicklisch, 2002; Hilt et al., 2006;
Hilt and Gross, 2008; Bauer et al., 2009; Mohamed and Al Shehri, 2010; Pakdel et al., 2013). However, E. densa
did not exert any effects on A. variabilis and furthermore, it stimulated the growth of Synechococcus sp. Growth
stimulation of Scenedesmus brevispina was also evident in the presence of crude extracts of E. canadensis (Erhard
and Gross, 2006), which indicates that some allelopathic compounds may benefit the target organisms more than
they harm. Our findings suggest that species-specific allelopathic effects of macrophytes can lead to a decline in
the abundance of certain species, mainly cyanobacteria, in natural systems, which may in turn change the
structure of microalgal communities exposed to these chemicals. Egeria densa for instance, was shown to reduce
the relative abundance of Scenedesmus species and that led to changes in overall community structure of
phytoplankton (Vanderstukken et al., 2011).

Several studies have demonstrated that E. canadensis and E. densa have the capacity to diminish the growth of
different phytoplankton species by releasing chemical substances under non-laboratory conditions (Erhard and
Gross, 2006; Vanderstukken et al., 2011), although Elodea species have revealed only a moderate bioactivity
compared with other macrophytes (Hilt and Gross, 2008). To our knowledge, however, no previous study has
tested the allelopathic activity of C. caroliniana under experimental field conditions.

Some plants have the potential to suppress other organisms via chemical intervention outside their native ranges,
despite the absence of an effect in their natural environment (Callaway et al., 2008). These species, therefore,
can become more abundant in the invaded areas than in their native ranges because they either face weaker
recipient(s) or have stronger effects outside their home range. Nevertheless, C. caroliniana and E. canadensis
have shown allelopathic effects inside and/or outside their natural distribution under controlled conditions (Nakai
et al., 1996; 1999; Erhard and Gross, 2006). Cabomba caroliniana is more aggressive than E. canadensis and E.
densa, and has displayed a greater level of invasiveness around the globe. In our study, C. caroliniana exhibited a
potent allelopathic activity greater than E. canadensis, E. densa and most of the native species tested.
Furthermore, it showed the ability to control algal blooms in outdoor conditions with and without nutrient
addition while the native species showed no significant detrimental effects (experiment 3). This may provide
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evidence for the existence of novel biochemistry in C. caroliniana, which would enable this invasive species to
overcome competitors from a different group and could enhance its invasiveness.

Cabomba caroliniana had similar bioactivity to C. demersum and, to a lesser degree, P. crispus in experiment 1.
The physical structure of macrophytes can impact the extent of their bioactivity on microalgae (Gopal and Goel,
1993; Hilt and Gross, 2008). Cabomba caroliniana and C. demersum have a similar structure and numerous finely
dissected leaves; these provide a greater surface area for the active release of allelochemicals into the
surrounding environment.

Although some invasive species are known to be chemically defended, both native and invasive plants can have
similar levels of chemical defences (Huang et al., 2010; Lind and Parker, 2010). For example, Jarchow and Cook
(2009) found that the invasive emergent macrophyte, Typha angustifolia produces different soluble phenolic
compounds to the native congener, nevertheless, the quantity of the chemicals produced is similar. Wolf et al.
(2011) on the other hand, found a higher concentration of volatile secondary metabolites produced by the
invasive population of Tanacetum vulgare compared to a native population of the same species. Furthermore,
they found a great level of chemical diversity in invasive and native populations of T. vulgare. Marko et al. (2008)
also found higher concentrations of secondary compounds such as lignin and polyphenols in the tissues of the
invasive Myriophyllum spicatum compared to the closely related native macrophyte, M. sibiricum. They attributed
the invasion success of M. spicatum and the displacement of its native competitors to these differences. Our
results indicate there is no general pattern signifying that the use of allelopathy is exclusive to invasive species
but rather native species with strong allelopathic potential may possess invasive traits and can use similar
processes to advance their ecological success (Lind and Parker, 2010). Therefore, native plants with allelopathic
potential similar to that of the invasive macrophytes may have the capacity to control the growth of invasive
species. Nevertheless, while both native and invasive species have the potential to produce allelopathic
substances, the use of allelochemicals combined with other strategies may provide invasive macrophytes with a
competitive advantage over myriad native species in situ.

Cabomba caroliniana demonstrated similar allelopathic potential to P. ochreatus against M. aeruginosa in
experiment 2. The growth of M. aeruginosa has been impeded by allelopathic potential of several Potamogeton
species in previous studies (Wu et al., 2007; Zhang et al.,, 2009; Takeda et al., 2011). Notionally, many
allelochemical compounds are labile and can be rapidly metabolised by bacteria when released into the water
column (Gross, 1999; Gross, 2003). Therefore, these chemicals should be constantly excreted in order to affect
the target organisms. Since these compounds are released into the water column, they need to be sufficiently
hydrophilic and adequately concentrated in order to reach and influence the target organisms effectively (Gross,
2003). We have not identified the allelochemicals produced by C. caroliniana and P. ochreatus in our study;
nonetheless, we believe that the allelochemicals of these species are most likely hydrophilic, highly concentrated
and frequently exuded. However, the allelochemicals released by C. caroliniana clearly had stronger effects
compared to P. ochreatus in experiment 3 and perhaps could supress the growth of a wider range of target
organisms. This suggests that the strength of allelochemicals produced by C. caroliniana was greater than P.
ochreatus and could affect a wider range of microalgae. Further studies to test the composition of the chemicals
released by these macrophytes, in particular by C. caroliniana, are warranted.

In contrast to Muller-Schérer et al. (2004), Vanderstukken et al., (2014) found that phytoplankton species were
not capable of building resistance to allelochemicals released by Elodea. Thus, the effects of the novel
biochemistry of species such as C. caroliniona may also persist if the target species do not adapt to the
allelochemicals produced. Accordingly, C. caroliniana may have a prolonged negative impact on a native
community of microalgae via allelopathy. The decomposing material of some macrophyte species is also capable
of producing allelochemicals (Hu and Hong, 2008; Zeng et al., 2008), therefore, the allelopathic activity of some
species may persist even after the plant is manually removed from a system.
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Although the immediate allelopathic effects of E. canadensis and E. densa may only partially account for the
success of these invasive species, traits such as fast growth rate and enhanced photosynthetic ability under a wide
range of environmental conditions allow macrophytes such as Elodea and Egeria to become invasive (Jahnke et
al., 1991; Dendéne et al., 1993; Ozimek et al., 1993). For instance, E. densa has the capacity to significantly reduce
nutrient concentrations in the water column and has a greater competitive ability for nutrient uptake (Mony et
al., 2007; Yarrow et al., 2009). This shows that invasion success is driven by a much more complex interaction of
different factors, rather than a single factor. Potentially several interrelated mechanisms may work together
(Mitchell et al., 2006; Fleming and Dibble, 2015). Two principal elements that govern invasive potential are
species-specific traits and environmental characteristics (Jacobs and Maclsaac, 2009; Wersal and Madsen, 2011;
Tabassum and Leishman, 2016). Invasion is more likely to occur in disturbed systems (Pimm and Hyman, 1987;
Baltz and Moyle, 1993; Quinn et al., 2011). Eutrophication for instance, can positively affect invasive species.
Moreover, some invaders have the ability to alter the invaded habitats and increase eutrophication (Gallardo et
al., 2016). Since most invasive species thrive in nutrient-rich environments, their reliance on high levels of
nutrients can be a key predictor of their future spread as well as the severity of their invasion in a particular system.
Nevertheless, the competitive interactions between invasive and native macrophytes are not always mediated by
nutrient availability (Vanderstukken et al., 2011; Tabassum and Leishman, 2016). Accordingly, other traits such as
allelopathic potential can play a central role in the success of invasive species and provide a competitive advantage
in response to nutrient availability. Additionally, invasive species can supress the growth of native macrophytes
under a broad range of environmental conditions (Herb and Stefan, 2006). Cabomba caroliniana, for example,
demonstrated a potent bioactivity against microalgae with and without nutrient addition. This suggests that the
allelopathic potential of this species may override nutrient competition or at minimum, be advantageous,
enabling C. caroliniana to invade eutrophic as well as oligotrophic systems. Although we conducted our mesocosm
experiment with and without nutrient additions, the effects should be tested under a wider range of nutrient
concentrations.

Most studies of invasion by macrophytes in aguatic systems have concentrated on the impacts of invasive species
(consequences) rather than the mechanisms behind invasion success (causes). This has resulted in a large
literature on management strategies. However, understanding the mechanisms that are responsible for the
success of invasive macrophytes is needed to identify species that are likely to invade a new region or eradicate
those that are already present. Furthermore, it would assist us to better predict the future spread of invaders.
Cabomba caroliniana can be active in eutrophic systems and its effects may persist even if the nutrient loading of
the system is removed or minimised. Kuhar et al. (2010) found that E. canadensis had a non-uniform distribution
in invaded areas and it did not display its invasiveness in heterogeneous systems where a rich macrophyte
community containing Potamogeton was present. We chose P. ochreatus as the native study species in the latter
experiments because it is very common in wetlands in south-eastern Australia. We found antagonistic interactions
between C. caroliniana and P. ochreatus in a separate study, which was mediated by the allelopathic potential of
the two species (Pakdel et al., submitted). The two macrophytes are rooted and hence use the same source of
nutrients from sediments and from the water column. Since the establishment and development of invasive
species could be limited if they occupy a similar habitat to the local species (Abram, 1983; Fargione et al., 2003;
Von Holle and Simberloff, 2004), P. ochreatus may possibly be used to halt the growth of C. caroliniana in infested
wetlands and limit its further distribution. Potamogeton crispus also displayed allelopathic activity similar to C.
caroliniana. Therefore, Potamogeton species can be candidates for further investigation of the interactions
between native and invasive macrophytes. Ceratophyllum demersum exhibited strong allelopathic potential
towards microalgae in our study, with an effect of similar strength to that of C. caroliniana. Hence C. demersum
could also be used in future investigations.

Conclusion
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Our study indicates that the novel biochemistry of three invasive species could be used against competitors from
different groups of aquatic autotrophs. Furthermore, allelopathy is an effective adaptive trait facilitating the
success of these species outside their natural environment. All three invasive macrophytes exhibited allelopathic
potential but the effect of C. caroliniana was strongest in most situations. Elodea canadensis and E. densa showed
species-specific effects, which may be due to the longer history of their introduction in Australia. This may have
provided the native microalgal species with an opportunity to build resistance to the novel biochemistry of these
species. Some native species, such as C. demersum and P. crispus, exhibited a similar allelopathic potential to C.
caroliniana. This study has taken the first step towards identifying some of the mechanisms that can lead to the
successful establishment of the invasive macrophytes in particular, C. caroliniana. Further studies of how native
and invasive macrophytes interact will help identify potential macrophyte candidates that could regulate the
growth and spread of C. caroliniana and perhaps other invasive macrophyte species.
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Abstract

1. Macrophytes support biodiversity by providing a food source and habitat for many freshwater
organisms. However, invasive macrophytes can have extensive negative effects on different biota
(e.g. zooplankton and macroinvertebrates). Invasive macrophytes usually form mono-specific
stands that provide a habitat that is less suitable than mixed stands. They may also produce novel
chemicals that can have deleterious and deterrent effects for native aquatic species (the ‘Novel
Weapons Hypothesis’, NWH).

2. We conducted two mesocosm experiments to investigate the impacts of an invasive macrophyte
on the community dynamics of aquatic invertebrates. The taxon richness, abundance, community
composition and distribution patterns of functional feeding groups (FFG) of invertebrates were
determined in mono-culture (single plant species) and co-culture (native and invasive plants grown
together) stands of Cabomba caroliniana and Potamogeton ochreatus, and were compared to the
controls (no macrophytes).

3. Four major FFG were found in the native and invasive macrophyte stands and in the controls.
Community dynamics of the invertebrates were similar in native and invasive macrophyte stands in
both single species and co-culture settings. Furthermore, the community dynamics of invertebrates
were similar in the mono-culture and in co-culture stands of macrophytes where invertebrates
were given a choice of selecting either native or invasive plant as refuge.

4. Our findings suggest that mono-culture stands of invasive macrophytes can support
invertebrates at similar levels to those found in mono-culture stands of native plants. The complex
structure of C. caroliniana may have ‘positive’ impacts on associated fauna in some systems by
providing refuge and ample substrate for epiphyte attachment, which can offset the chemical
effects of C. caroliniana. Furthermore, invertebrates may not discriminate between native and
invasive plants with similar levels of habitat complexity.

5. Synthesis. This study shows that habitat complexity and food availability are important criteria
for invertebrates when selecting macrophytes as habitat. Invasive macrophytes with complex
physical structures may be able to support equivalent invertebrate community dynamics as native
plants. The physical complexity of invasive plants can override their chemical attributes, although
this cannot mask the adverse effects of invasive macrophytesimposed on other biota and on overall
ecosystem function.

Key-words: allelopathy, enemy release hypothesis, freshwater invasions, invasion ecology, novel weapons
hypothesis, zooplankton.
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Introduction

Invasion by non-indigenous species is one of the primary causes of biodiversity loss in lakes and streams (Sala et
al., 2000). Globalisation and human mediated impacts in particular, have been effective in facilitating and
accelerating the introduction of exotic aquatic plants worldwide (Kolar and Lodge, 2000; Kowarik, 2003; Meyerson
and Mooney, 2007). Exotic plants are introduced either intentionally via aquaculture and the aquarium trade or
accidentally through hitchhiking long-distances (e.g. accidentally transported via ships, boats, yachts and animal
vectors) (Kolar and Lodge, 2000; Kay and Hoyle, 2001; Martin and Coetzee, 2011). While the majority of exotic
species fail to establish successfully and increase their range (Williamson, 1996), some have the capacity to
become invasive and cause extensive environmental and economic impacts (Pimentel et al., 2005; Lockwood et
al., 2013; Gallardo et al., 2016).

Understanding the principal mechanisms that drive biological invasions can help mitigate the impacts of invasive
species (Sax et al., 2007; Davis, 2009). Several hypotheses have been proposed to describe the invasion success
of exotic species. There is substantial empirical evidence to support the ‘Novel Weapons Hypothesis’ (NWH) and
the ‘Enemy Release Hypothesis’ (ERH) (Jeschke et al., 2012). The NWH postulates that exotic plant species have
the capacity to become invaders if they contain novel biochemistry such as unique anti-herbivore and
allelochemical compounds (chemical substances produced by autotrophs that can limit the growth and survival
of competitors, herbivores and pathogens (Willis, 2008)) (Callaway and Aschehoug, 2000; Callaway and Ridenour,
2004; Cappuccino and Arnason, 2006; Svensson et al., 2013). The native species in the recipient community are
not adapted to these unique chemicals and consequently will be negatively affected and/or outcompeted via
chemical intervention (Callaway and Aschehoug, 2000). This trait has long been recognised as an important
mechanism responsible for the success of invasive plant species (Steenhagen and Zimdahl, 1979). On the other
hand, the ERH proposes that exotic species can become highly abundant in the invaded areas because they are
liberated from their natural enemies in their native homes (Crawley, 1997; Elton, 2000; Maron and Vila, 2001; Liu
and Stiling, 2006). Exotic plant species are therefore expected to be less prone to attacks by primary consumers
and subsequent herbivory damage, and can gain a significant advantage over natives (Morrison and Hay, 2011a;
Enge et al., 2012). Invasive species can also have deterrent activity against zooplankton and macroinvertebrates
(Jarchow and Cook, 2009; Wolf et al., 2011) by producing chemicals that are toxic to them and can have a major
impact on their fitness (Morrison and Hay, 2011b). For example, polyphenols such as tannins were found to affect
the physiology and behaviour of Daphnia menucoensis and reduced its mobility, survival and development
(Alvarez et al., 2016).

Native macrophytes (aquatic angiosperms and macroalgae) are important components of freshwater systems
because they provide refuge and a food source for a wide range of biota, and enhance water quality by nutrient
cycling and reducing phytoplankton growth (Jeppesen et al., 1997; Scheffer, 1998; Lurling et al., 2006; Scheffer
and van Nes, 2007; Dhote and Dixit, 2009; Ansari et al., 2010; Muylaert et al., 2010). Pioneer investigations into
the positive physical effects of macrophytes on invertebrate communities were conducted by Watkins et al.
(1983) and Timms and Moss (1984) who found a greater richness and abundance of zooplankton and benthic
macroinvertebrates in vegetated areas compared to open water. Invertebrates used the plants as a shelter during
daytime but were out in the open water grazing upon phytoplankton at night time. These studies highlighted the
importance of vegetation as a spatial and temporal refuge for zooplankton and benthic macroinvertebrates
against predatory fish.

Despite the important positive role of submerged macrophytes, invasive species are known to negatively affect
freshwater native fauna as well as native macrophytes (Lassuy, 1995; Thiebaut et al., 1997; Dextrase and Mandrak,
2006; Schultz and Dibble, 2012; Gallardo et al., 2016). Overall macroinvertebrate richness was found to be lower
in wetlands where invasive species were the prevalent macrophytes than wetlands that were dominated by
natives (Bryant and Papas, 2007). Furthermore, invasive species can outcompete and eventually eliminate native
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macrophytes (Thiebaut et al., 1997; Svensson et al., 2013). This may lead to the formation of dense, mono-culture,
macrophyte meadows, which is a less suitable habitat and food source for zooplankton, macroinvertebrates, fish
and waterfowl, and can cause seasonal water quality issues (Thiebaut et al., 1997; Barrat-Segretain, 2001;
Bronmark and Hansson, 2005; Erhard and Gross, 2006; Herb and Stefan, 2006).

A considerable amount of research on the interactions between invasive macrophytes and associated fauna has
focused on the effects of invasive plants (e.g. structural complexity, habitat heterogeneity, allelopathy, etc.) on
zooplankton and macroinvertebrate communities rather than the cause of their success (see Schultz and Dibble,
2012 and references therein). There are gaps in our understanding of the interactions between invasive
macrophytes and invertebrates with many aspects that need to be explored. The majority of studies conducted
in this area have been descriptive and confined to counting or measuring invertebrates (e.g. richness and
abundance) in naturally-occurring populations. Furthermore, the major hypotheses of invasion biology have been
tested in terrestrial environments more rigorously than freshwater systems (Jeschke et al., 2012). For instance,
the explicit investigation of the concept of NWH in freshwater systems has been neglected. Moreover, many
studies investigating the allelopathic effects of invasive macrophytes have concentrated on using phytoplankton
and epiphytic algae as the target species (Erhard and Gross, 2006; Hilt and Gross, 2008), rather than native
macrophytes or aquatic invertebrates. Studies comparing faunal biodiversity in mono-specific (either native or
invasive) and multiple species (mixed native and invasive) stands are scarce and not many studies have
investigated habitat preference by aquatic fauna when both native and invasive plants are present in the system.
There are multiple interrelated factors that affect the habitat preferences of aquatic fauna. Invasive plants with
novel biochemistry can reduce the growth of phytoplankton and epiphytic algae, which are a major food source
for many zooplankton and macroinvertebrates, via allelopathy (Erhard and Gross, 2006; Willis, 2008).

It is difficult to generalise the patterns of invasion by reviewing related literature because there is a geographical
bias towards studies of temperate regions, particularly in the Northern Hemisphere. There are fewer studies from
tropical areas and warmer inland waters to examine the relationships between native and invasive species (Fridley
et al.,, 2007). Invasion success can be different in tropical and sub-tropical freshwaters compared with temperate
areas, due to differences in abiotic filters such as disturbance, water chemistry, light, sediment type and hydrology
(Thomaz et al., 2015). In spite of numerous adverse impacts on freshwater systems caused by invasive
macrophytes, some species exhibited a ‘positive’ or neutral effects on other biota such as invertebrates in tropical
and sub-tropical regions (see Thomaz et al., 2015 and references therein).

Although some areas of the Australian continent are classified as temperate, inland waters in Australia have
different characteristics (e.g. physical and chemical properties) compared to similar waterbodies in temperate
regions in the Northern Hemisphere (Boulton et al., 2014). In view of this, the current study seeks to answer the
questions ‘Do invasive macrophytes have a negative, positive or neutral impact on the community structure of
invertebrates in the temperate regions of Australia, where the abiotic filters of freshwater systems are different
to other parts of the world? Do the ERH and NWH apply to freshwater invasion in these systems via the same
mechanisms as freshwater systems elsewhere?

We conducted a set of quantitative experiments to test the ERH and the NWH using the invasive macrophyte,
Cabomba caroliniana A. Gray (green cabomba or cabomba) as the study species. Native to eastern North and
South America, C. caroliniana is a rooted freshwater perennial plant, which lives in stagnant or slow-moving
waters (Godfrey and Wooten, 1979). It has been introduced to myriad freshwater systems in the United States,
Canada and several European and Asian-Pacific countries including Australia. Cabomba caroliniana is regarded as
a weed of national significance in many of these countries due to its high level of invasiveness and its profound
economic and environmental impacts (@rgaard, 1991; Mackey and Swarbrick, 1997; Parsons and Cuthbertson,
2001; Sainty and Jacobs, 2003; ISSG, 2005; Brundu, 2015). It thrives in eutrophic systems, has a fast growth rate,
and produces a large amount of biomass. Cabomba caroliniana reproduces via fragmentation and seed
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production. It is an extremely persistent plant that can exclude native vegetation and can have a great adverse
impact on freshwater native animals (Mackey and Swarbrick, 1997; Thiebaut et al., 1997; Parsons and
Cuthbertson, 2001; Sainty and Jacobs, 2003). Infestations have been recorded in several states in Australia
including two wetland systems in Victoria, Goulburn Weir, north of Nagambie and Casey’s Weir, North of Benalla.

The specific aim of this study was to investigate whether the allelopathic activity of C. caroliniana has a negative
impact on the establishment of aguatic macro and microinvertebrates (referred to as ‘invertebrates’ herein) by
comparing the community structure and composition of invertebrates in beds of C. caroliniana and in beds of the
native macrophyte, Potamogeton ochreatus Raoul, commonly known as blunt pondweed. Potamogeton
ochreatus is a submerged rhizomatous native plant inhabiting slow-moving and stationary freshwater systems.
This perennial plant can grow well in nutrient rich environments and is very common in different wetlands around
Australia. Furthermore, we sought to examine the community structure and composition of invertebrates in
systems where both native and invasive macrophytes persist and to determine whether they prefer the native
species as refuge when both habitat types are available. We also tested the ERH by comparing the presence of
invertebrates from different functional feeding groups (FFG) in native and invasive macrophyte beds.

Materials and methods
EXPERIMENT 1

We investigated and compared the community dynamics of invertebrates in mono-culture stands of native and
invasive macrophytes and the controls. We collected C. caroliniana from Lake Nagambie (36°47'0"S 145°8'30"E)
and P. ochreatus from the Hampton Park wetlands (38°02'14.1"S 145°16'24.9"E) in Victoria during February 2014.
Prior to the planting of macrophytes, we added 15 cm of top soil to the bottom of the ponds (capacity, 1200 L;
height, 0.6 m; diameter, 1.2 m) overlaid by 5cm washed white sand. The ponds were filled with rainwater held in
tanks at the plant facility centre within the Jock Marshall Reserve (JMR) at Monash University, Clayton campus,
Victoria. Macrophyte material was washed under tap water to remove debris and any conspicuous
macroinvertebrates present. The top 15 cm of C. caroliniana, bearing the apical meristem, and whole P. ochreatus
were planted. Each species was separately planted in different ponds to cover 50% of the total pond area. Controls
were set up with no macrophytes present. Three replicates for each treatment and for the control were
established. The ponds were covered using bird netting (1 mm? mesh size, 10-15% shading) during the course of
the experiments to avoid the spread of these invasive species to the nearby wetland in the JMR. To be consistent,
the controls containing no macrophytes were also covered. Slow-release nutrient tablets (Osmocote, Plus Trace
Elements - Water Gardens & Aquatic Plants, Scotts, Australia) were added to each pond every two weeks to
enhance the growth of the macrophytes and to mitigate potential nutrient limitation. Sampling of invertebrates
was performed in spring, summer and autumn of 2014-2015. We collected samples twice in spring and summer
(at the start and in the middle of the season) starting the first week of September 2014 until mid-April 2015, but
sampling was undertaken only once in autumn. At each sampling occasion, 10 L water was collected from across
each pond, through the macrophyte beds and close to the bottom of the ponds. The water sample was then
filtered through a 60 um sieve. All samples were preserved in 70% ethanol for further analysis of the invertebrates.

EXPERIMENT 2

We examined the community structure and composition of invertebrates in systems where both native (P.
ochreatus) and invasive (C. caroliniana) macrophytes persist. We also investigated whether invertebrates prefer
the native species as refuge when both habitat types are available. Top soil (5 cm) was added to the bottom of
small plastic ponds (capacity, 120 L; height, 0.45 m; diameter, 0.6 m) and was covered by 2 cm white washed
sand. Rainwater held in the tanks at the plant facility centre within the JMR was used to fill the ponds. Plastic
partitions (2 cm? mesh size) were placed in the middle of each pond. Soft pine timber was used as a frame to hold
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the partitions. Partitions were soaked in rainwater for one week prior to installation to eliminate any
contamination. Any debris and conspicuous invertebrates were removed from the macrophyte material by gently
washing with tap water. The top 15 cm of C. caroliniana, bearing the apical meristem and the whole P. ochreatus
were then planted. We planted both C. caroliniana and P. ochreatus in three ponds with each plant covering 30%
of the pond (60% of each pond in total). Each macrophyte was planted on one side of the ponds separated from
the other plant on the other side by the partitions. This allowed the movement of invertebrates and the transfer
of water and nutrients from one side to the other while creating a physical barrier between the two plants, and
eliminating the effects of shading and competition for space. In addition, the invertebrates were not restricted in
selecting refuge. To set up the controls, we added each plant to three ponds separately to cover 30% of one side
in each pond (6 ponds in total); however, the other half of the ponds had no macrophytes. Therefore, we had
three replicates for the treatment (two macrophytes each covering 30% of half of the ponds at each end) and
controls (3 x each macrophyte covering 30% of half of the ponds and no plant on the other side) totalling nine.
All ponds were covered and nutrients were added using the same protocol as in experiment 1. At each sampling
occasion (details in experiment 1), 5 L water was collected from each side of the ponds through the macrophyte
beds and close to the sediment. Each water sample was then filtered through a 60 um sieve. All samples were
preserved in 70% ethanol for further analysis of the invertebrates.

SAMPLING PROCESS (EXPERIMENTS 1 & 2)

Observational assessment revealed no feeding damage on C. caroliniana, but some degree of herbivory was
evident on the leaves of P. ochreatus. Invertebrates were counted and were identified to the lowest taxonomic
level possible with the aid of dissecting and compound microscopes. Taxa were assigned to different FFG to assess
the abundance of each group and the number of taxa present in each group in different treatments during the
three seasons. Invertebrate identifications and functional classifications were undertaken with reference to Davis
and Christidis (1997), Gooderham and Tsyrlin (2002) and the Australian freshwater invertebrate identification
webpage (Bug Guide) created by the Murray Darling Freshwater Research Centre (2013).

STATISTICAL ANALYSIS (EXPERIMENTS 1 & 2)

We performed a series of two-factor repeated measures ANOVAs to compare the differences in invertebrate
taxon richness, taxon abundance, FFG richness and FFG abundance between macrophyte treatments and seasons
for experiment 1. The same type of analyses were also used to compare taxon richness, taxon abundance, FFG
richness and FFG abundance between macrophyte treatments and seasons for experiment 2. Tukey’s post hoc
tests were performed on both factors (treatment and season) when the outputs of ANOVAs were significant, in
order to identify where the differences lay between levels of each factor. Prior to analyses, data were checked for
normality and homogeneity of variances. We conducted a Levene test to check if there was heteroscedasticity in
the data since we had unequal number of samples. The output indicated no heterogeneity of variances (F value
= 0.214, df = 2, p = 0.81), therefore, no transformation was required (Levene, 1960). All data analyses were
performed in the R Statistical Program (RStudio, ver. 3.3.1 (2016-06-21)) using the aov function with an a-value
of 0.05 as a criterion for statistical significance.

Multivariate analyses were performed to explore relationships between season, macrophyte treatment (native,
invasive, single species, multiple species and control) and invertebrate community composition in experiments 1
and 2. Bray-Curtis non-metric multidimensional scaling (NMDS) was used to visually depict similarities in the
assemblages of invertebrates present in native and invasive macrophyte stands in the mono-culture and co-
culture settings in experiment 1 and 2 respectively (Bray and Curtis, 1957). We conducted a Permutational
Multivariate Analysis of Variance (PERMANOVA) to assess the statistical variations of our grouping based on the
rank similarities from the Bray-Curtis similarity matrices with 999 permutations (Oksanen, 2009). In order to test
for homogeneity of multivariate group dispersions (variances), we perfumed Euclidean PERMANOVA tests.
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Furthermore, we ran pairwise permutation tests to test the statistically significant differences between
treatments and between seasons. All multivariate analyses were carried out using package vegan (Oksanen et al.,
2007) in the R Statistical Program (RStudio, ver. 3.3.1 (2016-06-21)). An a-value of 0.05 was used as a criterion for
statistical significance.

Results

EXPERIMENT 1

Taxon richness

There was a statistically significant seasonal difference in the invertebrate taxon richness (F =30.528, df = 2, p <
0.001). The overall taxon richness was found to be significantly lower in autumn compared with spring and
summer (p < 0.001, Fig. 1). However, we found no significant differences in the taxon richness present in the

stands of C. caroliniana compared to P. ochreatus and the controls (Fig. 1). Furthermore, the interaction between
season and macrophyte treatment was non-significant.
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Fig. 1. Mean (£SE) number of invertebrate taxa present in the native (P. ochreatus) and invasive (C. caroliniana)
macrophyte stands and in the controls (without macrophytes). Letters represent significant differences
comparing the three seasons (a = 0.05).

Abundance of taxa

Season had a significant effect on the abundance of taxa (F = 10.95, df = 2, p < 0.001), however, there were no
statistically significant differences in the abundance of taxa found in C. caroliniana and P. ochreatus stands and in
the controls (Fig. 2). Furthermore, there was no statistically significant interaction between season and treatment.
Invertebrate taxon abundance was considerably lower during autumn compared to summer and spring (p < 0.001
and p < 0.01 respectively, Fig 2).
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Fig. 2. Mean (£SE) abundance of invertebrate taxa present in the native (P. ochreatus) and invasive (C. caroliniana)
macrophyte stands and in the controls (without macrophytes). Letters represent significant differences
comparing the three seasons (a = 0.05).

Richness of taxa in each functional feeding groups

Four major FFG were identified in both native and invasive macrophyte stands and in the controls; filtering
collectors, scrapers, gathering collectors and predators. The number of filtering collector taxa was similar in native
and invasive macrophyte stands and in the controls, and it was consistent throughout all three seasons (Fig. 3).
The richness of scrapers and gathering collectors was affected by season (F =3.95, df =2, p<0.05 and F = 24.11,
df =2, p<0.001 respectively), although, it did not differ in the stands of P. ochreatus and C. caroliniana and in the
controls (Fig. 3). There was a significantly lower number of taxa classified as scrapers (p < 0.05) and gathering
collectors (p < 0.001) found in autumn than spring (Fig. 3). The number of taxa present in the latter group also
declined during summer compared to spring (p < 0.01). Furthermore, there was a higher number of gathering
collectors found during summer than autumn (p < 0.05). We found a consistent number of predatory taxa in all
treatments and during all three seasons (Fig. 3).
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Fig. 3. Mean (£SE) number of invertebrate taxa present in different functional feeding groups in the ponds with
the native (P. ochreatus) and invasive (C. caroliniana) macrophytes and the controls during spring (a), summer (b)
and autumn (c) (a = 0.05). In some cases error bars were too small to be visible in the figure.

Abundance of taxa in each functional feeding group

There were no significant interactions between season and macrophyte treatment in all comparisons, although,
we found a statistically significant seasonal pattern in the abundance of filtering collectors (F = 6.45, df = 2, p <
0.01) and gathering collectors (F = 3.63, df = 2, p < 0.05, Fig. 4). The abundance of filtering collectors was
significantly higher in spring than in autumn (p < 0.05, Fig. 4). We also found a higher abundance of filtering
collectors during summer compared to autumn (p < 0.01, Fig. 4). Moreover, there was a significantly higher
number of gathering collectors in spring in comparison to autumn (p < 0.05, Fig. 4). However, the abundance of
scrapers and predatory taxa was similar throughout all three seasons (Fig. 4). The differences in the abundance
of all FFG present in P. ochreatus and C. caroliniana stands and in the control ponds were non-significant (Fig. 4).
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Fig. 4. Mean (+SE) abundance of invertebrates allocated to different functional feeding groups in the ponds with
the native (P. ochreatus) and invasive (C. caroliniana) macrophytes and the controls during spring (a), summer (b)
and autumn (c) (a = 0.05). The y-axis was (log10) transformed to illustrate the graphs clearly.

Community composition

Ordination of invertebrate community composition did not show distinct clustering by macrophyte treatment
(native or invasive) and control (Fig. 5). We found significant dissimilarity in invertebrate composition between
seasons, despite the overlap in seasonal groupings (R = 0.11, p < 0.001, Fig. 5). Results from the Euclidean

C. caroliniana

P. ochreatus

C. caroliniana
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PERMANOVA tests showed no significant heterogeneity of dispersion within groups. Furthermore, the interaction
between season and macrophyte treatment did not show any significant effects on the invertebrate community
compositions.
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Fig. 5. Non-metric multidimensional scaling (NMDS) of Bray-Curtis similarities illustrating invertebrate community
composition grouped by season; spring (triangles), summer (circles) and autumn (squares) in experiment 1 (a =
0.05).

EXPERIMENT 2
Taxon richness

Taxon richness was similar throughout all three seasons (Fig. 6). We found no significant differences in
invertebrate taxon richness present in C. caroliniana when grown separately than when grown in the mixed
species ponds (Fig. 6). Taxon richness was also similarin P. ochreatus stands in the single species ponds compared
to P. ochreatus stands in the co-culture setting (Fig. 6). Moreover, the richness of invertebrate taxa was similar
when comparing the native (P. ochreatus) and invasive (C. caroliniana) macrophyte stands in both the single
species and the co-culture settings (Fig. 6).
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Fig. 6. Mean (+SE) number of invertebrate taxa present in native (P. ochreatus) and invasive (C. caroliniana)
macrophyte stands when grown separately and when grown together in a mixed species setting. Letters represent
significant differences comparing the three seasons (a = 0.05).

Abundance of taxa

There were no statistically significant differences in the abundance of taxa across all three seasons (Fig. 7). The
number of invertebrates found in P. ochreatus grown separately was similar to P. ochreatus stands in the mixed
species ponds (Fig. 7). We also found no significant differences in the abundance of taxa in C. caroliniana stands
in single species planting compared to the co-culture setting (Fig. 7). Furthermore, the abundance of invertebrates
was similar in native and invasive macrophyte stands in single species and in the mixed species planting (Fig. 7).
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Fig. 7. Mean (£SE) abundance of invertebrate taxa present in native (P. ochreatus) and invasive (C. caroliniana)
macrophyte stands when grown separately and when grown together in a mixed species setting. Letters represent
significant differences comparing the three seasons (a = 0.05).
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Richness of taxa in each functional feeding group

The FFG found in this experiment were the same as those present in the experiment 1. There were no interactions
between season and macrophyte treatment when examining the four groups of invertebrates. However, we
found statistically significant seasonal patterns in the taxon richness of filtering collectors (F = 3.50, df = 2, p <
0.05) and scrapers (F = 12.41, df = 2, p < 0.001). There was a lower number of filtering collector taxa present in
autumn compared to summer (p < 0.05, Fig. 8). Furthermore, taxon richness of scrapers was significantly higher
in spring and summer than autumn (both p < 0.001, Fig. 8). Taxon richness of gathering collectors and predators
was similar in all three seasons (Fig. 8). We found no significant differences in the taxon richness of all FFG found
in the mono-culture and co-culture settings (Fig. 8).
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and invasive (C. caroliniana) macrophyte stands during spring (a), summer (b) and autumn (c) in mono-culture
and co-culture settings (a = 0.05).

Abundance of taxa in each functional feeding group

The abundance of filtering collector, scraper and predatory taxa was similar in native and invasive macrophyte
stands in both mono-culture and co-culture settings (Fig. 9). Furthermore, there was no seasonal variation in the
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abundance of taxa in these three FFG. However, the abundance of gathering collectors was affected by season (F
=3.64,df=2, p<0.05, Fig. 9). There was a higher abundance of gathering collectors in spring compared to autumn
(p <0.05).The interactions between the main factors were non-significant in all comparisons.
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Fig. 9. Mean (+SE) abundance of invertebrates found in different functional feeding groups in the ponds with the
native (P. ochreatus) and invasive (C. caroliniana) macrophyte stands during spring (a), summer (b) and autumn
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(c) in mono-culture and co-culture settings (a = 0.05). The y-axis was (log10) transformed to illustrate the graphs
clearly.

Community composition

We found no distinctive clustering of the invertebrate communities by macrophyte treatment when native and
invasive species were grown separately or in the co-culture setting in experiment 2. Season had a significant effect
on ordination of the invertebrate community compositions, although no distinctive clustering by season was
shown (R = 0.13, p < 0.01, Fig. 10). Euclidean PERMANOVA tests revealed no significant heterogeneity of
dispersion within groups. In addition, we found no statistically significant effect of the interaction between season
and macrophyte treatment on invertebrate community composition.

Fig. 10. Non-metric multidimensional scaling (NMDS) of Bray-Curtis similarities illustrating invertebrate
community compositions grouped by season; spring (triangles), summer (circles) and autumn (squares) in
experiment 2 (a = 0.05).

Discussion

Our findings demonstrated that the richness, abundance and composition of aquatic invertebrate communities
in mono-culture stands of C. caroliniana were similar to those found in mono-culture stands of P. ochreatus.
Overall, the invasive species had positive effects on the invertebrates similar to that of the native macrophyte.
Cabomba caroliniana exhibited a strong induced defence against herbivorous invertebrates such as crayfish and
snails in the United States (Morrison and Hay, 2011b). Moreover, it showed deleterious effects on the growth of
phytoplankton species by producing anti-algal bioactive compounds (Nakai et al., 1996; 1999) and restrained
germination of terrestrial vascular plant species by exuding chemical substances (El-Ghazal and Riemer, 1986).
However, in our study, C. caroliniana did not have a deterrent effect on the invertebrate communities. The
deterrent activity of macrophytes is largely associated with the counterpart invertebrate species involved; hence
macrophytes are able to deter some invertebrate species while others may not be affected. Zooplankton can
select habitat according to the specific information they receive from the odour emitted by a particular plant,
which can be an indicator of the risk or benefit the plant may pose on them (Gutierrez and Mayora, 2016). This
indicates that bioactivity of C. caroliniana may have deleterious effects on some species, but positive or no impact
on others.
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In addition to the chemical aspects, the physical structure of a plant plays an important role in a natural system.
Richness and abundance of macroinvertebrates tend to increase when habitat complexity increases. Therefore,
stands of invasive species with highly dissected leaves and roots can support a highly diverse community of
invertebrates. For example, an increase in macroinvertebrate density was found in mono-culture stands of several
invasive macrophytes with high habitat complexity compared to the native macrophytes tested (Strayer et al.,
2003; Kelly and Hawes, 2005; Hogsden et al., 2007). Conversely, taxon richness and abundance of invertebrates
can decline in stands of invasive plants with a simple structural architecture (Houston and Duivenvoorden, 2003).
Hymenachne amplexicaulis is a riparian plant with a low habitat complexity. In a study conducted by Houston and
Duivenvoorden (2003), H. amplexicaulis replaced the native submerged macrophytes with highly dissected leaves.
Subsequently, the abundance of macroinvertebrates was reduced in H. amplexicaulis compared with the native
plants. These examples suggest that the physical attributes (habitat complexity) that C. caroliniana provides is a
key criterion for invertebrates when selecting a plant as refuge, which may supersede other factors such as the
effect of bioactive compounds. Thereby, the structure and composition of invertebrate communities associated
with native and invasive macrophytes is likely to be similar if the structure of the plants is similar. Douglas and
O’Connor (2003) demonstrated that invasive species can have very little or no impact on macroinvertebrate
communities if they have a physical structure similar to that of natives. Unlike C. caroliniana, P. ochreatus does
not possess dissected leaves, but it has numerous creeping rhizomes (and/or turions) and forms an intertwined
structure as it grows, which together increase the complexity of the habitat it provides for different fauna. Thus,
the structural complexity of the two species appears to be comparable.

Structural complexity of plants can also enhance the surface area for attachment of epiphytic algae. Cabomba
caroliniana contained a higher density of epiphytic algae on its leaves compared with the native macrophytes in
a previous study (Hogsden et al., 2007). A study conducted by Sultana et al. (2004) also revealed that 18 different
epiphytic algae were able to colonise and grow on the broad leaves of Potamogeton perfoliatus. Although some
herbivorous invertebrates feed directly on macrophytes, the majority graze upon planktonic and epiphytic algae.
This shows that in addition to offering shelter, C. caroliniana and P. ochreatus can have positive impacts on
invertebrates indirectly by providing substrates for epiphytic algae, hence increasing food availability (Hogsden et
al., 2007). Therefore, the abundance of certain taxa that use epiphyton as a major food source can increase in
invasive plants that support a higher algal biomass compared to native plants, and that can lead to changes in the
structure and composition of macroinvertebrate communities (Kelly and Hawes, 2005; Hogsden et al., 2007). This
can explain the high richness and abundance of scrapers within C. caroliniana and P. ochreatus stands in our
experiments. Observational assessment of the macrophytes tested in our study revealed no significant herbivory
damage on C. caroliniana, but numerous P. ochreatus leaves were damaged. Moreover, we found a higher
number of hygrophilous snails in P. ochreatus stands when it was grown next to C. caroliniana, which indicates
that the snails avoided the invasive macrophyte and selected P. ochreatus stands as a feeding site. Low
consumption of highly successful invasive macrophytes can directly be attributed to the use of novel chemical
defence against native herbivores that are evolutionarily naive; a strategy that can explain the success of plant
invasion (Enge et al., 2012). This suggests that C. caroliniana may produce bioactive compounds to deter enemies
such as herbivores that feed on macrophytes; nevertheless, the algal-grazing species use the chemically defended
C. caroliniana as refuge to avoid predation. Aumack et al. (2010) found that meso-grazer amphipods of the
western Antarctic Peninsula grazed on the palatable epiphytic algae and filamentous endophytes growing on
plants, but used the chemically defended red algae as refuge.

Community dynamics of the invertebrates were comparable in mono-culture stands of the two macrophytes and
in non-vegetated ponds. This similar structure and composition of invertebrates in the vegetated ponds and in
non-vegetated settings also suggests that the availability of epiphytes as a food source was more important than
shelter for the invertebrates, particularly in synthetic systems such as the one used in our study, where predatory
fish were absent. We observed multiple dense patches of algae in the control ponds that formed, presumably due
to high nutrient concentration. These patches of algae supported similar invertebrate communities to those found
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in the vegetated ponds. In addition, habitat preference for vegetated and non-vegetated areas varies for different
species. In a previous study conducted by Watkins et al. (1983), crustacean zooplankton and benthic
macroinvertebrates were shown to prefer vegetated areas, whereas rotifers selected non-vegetated limnetic
areas of the lake. This signifies that macrophytes appear to have a greater impact on benthic macroinvertebrates
than on zooplankton. However, in our study, the composition of invertebrates was similar in all macrophyte and
non-macrophyte settings.

Overall, C. caroliniana in our study exhibited impacts that could be interpreted as ecologically desirable, by
providing viable habitat for a range of invertebrates. In a separate study, we have shown that C. caroliniana may
be able to provide some benefits to water quality by controlling the growth of several cyanobacterial and green
algal species via chemical intervention (Pakdel et al., submitted). Environmentally positive impacts have also been
identified in several invasive macrophytes in previous studies conducted in tropical and sub-tropical areas (see
Thomaz et al., 2015 and references therein). For example, Eichhornia crassipes enhanced water quality and
increased the density and diversity of invertebrates, fish and waterbirds, which was attributed to an increased
habitat heterogeneity and complexity provided by the macrophyte (Brendonck et al., 2003; Villamagna and
Murphy, 2010; Villamagna et al., 2010).

However, the general negative impacts of invasive macrophytes should not be overlooked and caution must be
taken when interpreting their neutral or positive influences on species diversity or overall ecosystem function.
The density of invasive macrophytes can also determine the impacts they pose on other biota. Invasive species in
general, have a high growth rate and regeneration capacity (Hussner, 2009). Examples mentioned earlier indicate
that high complexity of some invasive macrophytes can support a higher diversity and density of
macroinvertebrates. Nonetheless, some invasive macrophytes can have neutral or positive impacts on other
organisms at low or moderate densities (Villamagna and Murphy, 2010; Carniatto et al., 2013) and their impacts
can switch to negative if the extent of the invasion changes and plant biomass increases (Carniatto et al., 2013).
Horizontal distribution and density of two freshwater unionids was found to be limited in dense stands of M.
spicatum (invasive) and Nelumbo lutea (noxious native) (Burlakova and Karatayev, 2007). Stiers et al. (2011) also
found a negative relationship between three invasive species, Hydrocotyle ranunculoides, Ludwigia grandiflora
and M. aquaticum cover and invertebrate abundance. The decomposing plant material mixed with sediments
formed a dense mat, which created unsuitable conditions for invertebrate colonisation and hence led to a lower
abundance of invertebrates (Stiers et al., 2011). Dense suspended mats formed by interlocking individuals of
invasive plants can decrease the concentration of dissolved oxygen in the water column and form a barrier
between water and the atmosphere, which restricts oxygen exchange (Perna and Burrows, 2005; Villamagna and
Murphy, 2010). There are a limited number of taxa that can tolerate low dissolved oxygen concentrations
(hypoxia). Thus, macroinvertebrate communities under dense mats of invasive macrophytes are expected to be
less diverse and predominantly consist of species that are more tolerant to hypoxic and anoxic conditions (Strayer
et al., 2003; Kornijow et al., 2010; Villamagna and Murphy, 2010; Stiers et al., 2011). Hypoxia in dense mono-
specific stands of invasive species can also impact the physiology of macroinvertebrates. Sida crystalline (water
flea) collected from invasive macrophyte stands possessed more haemoglobin than individuals that were found
within native macrophyte beds (Strayer et al., 2003). Therefore, the effects of invasive species on community
structure of invertebrates may appear positive, but the impacts might be different at a molecular level. Moreover,
an invasive plant may positively affect certain species, communities or even an ecosystem while the effects might
be adverse on others, therefore, there is no universal ecological measure of impacts designate to invasive plant
species (Pysek et al., 2008; Thomaz and Michelan, 2011; Pysek et al., 2012).

In a separate study, we demonstrated that C. caroliniana and P. ochreatus could produce similar % cover under
our experimental conditions (Pakdel et al., submitted). This can in part explain the similar structure and
composition of invertebrate communities in the mono-culture stands of C. caroliniana and P. ochreatus.
Furthermore, it can describe why the invertebrates did not differentiate between the native and invasive
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macrophytes in the co-culture setting where they were given a choice. However, the degree of C. caroliniana
biomass production can differ in nature. Cabomba caroliniana has a very fast growth rate and can produce a great
amount of plant material in invaded areas (Schooler et al., 2009). This trait is accompanied by other mechanisms
used by C. caroliniana, which together can shift the positive impact of the plant to negative over time.
Nevertheless, the positive impacts of habitat complexity provided for invertebrates by C. caroliniana should be
considered in management plans. Habitat diversity should be maximised after removal of C. caroliniana or any
other invasive species and should be done in a timely fashion to mitigate habitat loss (Kovalenko et al., 2010).

In summary, our synthesis showed a positive influence of the invasive species on the community dynamics of
aquatic invertebrates similar to that of the native macrophyte. Irrespective of the novel biochemical effects on
certain herbivores, the complex physical structure of C. caroliniana can benefit a range of aquatic invertebrates
directly by providing refuge and indirectly by increasing substrate for attachment of epiphytes. Although C.
caroliniana and P. ochreatus do not have similar structure, they possess comparable complexity. Essentially,
herbivorous invertebrates (e.g. snails) that feed directly on macrophytes avoided C. caroliniana and fed on P.
ochreatus where the plants were grown together, but algal-grazing species used the two plants equally as a shelter.
Our study demonstrated that unlike freshwater systems of temperate regions in the Northern Hemisphere, the
effects of invasive species such as C. caroliniana could be positive on certain biota in Australia. Furthermore, C.
caroliniana may selectively use its novel biochemistry to enhance its invasion potential and deter enemies such
as herbivores. Despite the positive effects of C. caroliniana on invertebrates, the plant can have detrimental
impacts on the overall ecosystem, hence, the overall negative and positive impacts of C. caroliniana should be
considered in management plans. We recommend that the NWH and ERH should be tested on additional invasive
macrophyte species and on species with a range of physical forms. Furthermore, the deterrent activity of invasive
plants on native enemies should be tested using a number of generalist and specialist herbivores that feed on
macrophytes.
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Abstract

1. Many invasive plants have important interactions with other biota in their introduced ranges.
They are free from their co-evolved enemies, hence, are less prone to attacks by herbivores (‘Enemy
Release Hypothesis’, ERH) or, may produce chemicals that are novel to the native community
(‘Novel Weapons Hypothesis’, NWH). These mechanisms together may deliver a competitive
advantage to invasive species over natives. Cabomba caroliniana is a freshwater plant that has
become a noxious weed worldwide. We tested the ERH and NWH by investigating the interactions
between C. caroliniana and two potential native ‘enemies’; a competitor and a herbivore.

2. We tested the allelopathic effects of C. caroliniana on Potamogeton ochreatus in a co-culture
outdoor experiment. We also examined the anti-herbivore activity of C. caroliniana by comparing
the herbivory damage on C. caroliniana and P. ochreatus caused by the larvae of Parapoynx
rugosalis under controlled conditions.

3. We found a significantly lower % cover of P. ochreatus and C. caroliniana when grown together
in the co-culture ponds compared to the controls (single species planting) in the allelopathy
experiment. A high level of feeding damage was inflicted on the invasive species in the herbivore
release experiment. Although the native plant also had a high level of herbivory damage, there was
a significantly higher amount of damage to the invasive versus the native macrophyte.

4. Our findings suggest that C. caroliniana could have a potent allelopathic potential towards native
competitors and vice versa. However, no deterrent activity of C. caroliniana was detected against
P. rugosalis.

5. Synthesis. Cabomba caroliniana can use its novel biochemistry to overcome competition and may
be able to thrive in systems where other potential competitors are absent. Nevertheless, the
presence of allelopathic native plants such as P. ochreatus can regulate its growth. In addition,
generalist herbivores such as P. rugosalis appear to be resistant to the biochemicals of C. caroliniana
and C. caroliniana is tolerant to herbivory by some aquatic invertebrates. Cabomba caroliniana has
a high biomass turnover even from small fragments, which is an important strategy that can
compensate for biomass loss due to herbivory.

Key-words: allelopathy, freshwater invasions, herbivory damage, macrophytes, novel weapons.
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Introduction

The introduction and spread of invasive species are exacerbated as a result of globalisation and human activities
(Meyerson and Mooney, 2007; Mayer-Pinto et al., 2015). Invasive species can reduce biodiversity and can have
various adverse environmental, economic and social impacts (Sala et al., 2000; Lodge et al., 2006; Pimentel, 2011;
Lockwood et al., 2013; Gallardo et al., 2016). Many exotic plant species can be competitively superior in their non-
native ranges even though these species may not be strong competitors in their natural locales (Callaway and
Aschehoug, 2000). Moreover, the effects of neighbouring plants can be less detrimental on invasive species in the
invaded region than at home (Callaway et al., 2011). There are several hypotheses that can explain the success of
invasive species. Research has endorsed some of these hypotheses, including the ‘Novel Weapons Hypothesis’
(NWH) (Callaway and Aschehoug, 2000) and the ‘Enemy Release Hypothesis’ (ERH) (Crawley, 1997), whereas
support for other hypotheses is declining (see Jeschke et al., 2012 and references therein).

Some plants, known as allelopathic plants, can reduce the growth and survival of immediate competitors and
herbivores through chemical interference (Molisch, 1937; Willis, 1985; 2008). Allelopathic activity has long been
proposed as an important trait of invasive plant species (Steenhagen and Zimdahl, 1979). The mechanism has
increasingly become recognised as one of the key drivers that intensify invasive potential of plants (Inderjit et al.,
2011). This has led to the formation of the NWH, which poses that exotic plant species with allelopathic potential
can become invasive by producing novel biochemicals to which the recipient native communities are not resistant
(Callaway and Aschehoug, 2000). The NWH was initially formulated for chemically mediated interactions among
plant species in terrestrial environments (Callaway and Ridenour, 2004), but was later extended to include the
anti-herbivore, antimicrobial and antifungal activity of invasive plants (Cappuccino and Arnason, 2006; Verhoeven,
2009). In addition, the investigation of the NWH has recently been expanded from terrestrial environments to
other systems such as marine areas (Svensson et al.,, 2013). Some invasive freshwater macrophyte species
(aquatic plants and macroalgae) are known to produce allelopathic chemical substances (Erhard and Gross, 2006;
Dandelot et al., 2008). The chemical diversity and the quantity of different chemical substances were found to be
greater in some freshwater invasive macrophytes compared with native species (Marko et al., 2008; Wolf et al.,
2011). However, studies investigating allelopathic interactions between native and invasive vascular aquatic plant
species are scarce and to date, no studies have been conducted to test the NWH in freshwater systems (Jeschke
etal, 2012).

The fitness of plant species can be regulated by other organisms such as herbivores, competitors, parasites and
pathogens. According to the ERH, invaders escape these natural enemies in their exotic ranges, which enables
them to enhance their competitive ability compared with their native neighbours (Williamson, 1996; Crawley,
1997; Torchin et al., 2003). Plant-herbivore interactions in aquatic systems are predominantly dependent on the
abundance and feeding preferences of herbivores for certain host plant species. Some herbivores prefer invasive
species over natives (Parker and Hay, 2005; Morrison and Hay, 2011a), others feed on native macrophytes and
avoid invasive plants (Erhard et al., 2007; Xiong et al., 2008), whereas some have no preference for either invasive
or native macrophytes (Grutters et al., 2016).

A range of invasive macrophytes exhibit induced chemical defences as a response to herbivory, which can
negatively affect the fitness and growth of herbivorous invertebrates and can lower plants’ palatability (Morrison
and Hay, 2011b; Rothhaupt et al., 2015). Erhard et al. (2007) found that the generalist herbivorous larvae of
Acentria ephemerella avoid feeding on the invasive species, Elodea nuttallii. In their study, A. ephemerella fed on
the native macrophyte, Potamogeton perfoliatus, however, the larvae also avoided the leaf disks of P. perfoliatus
when they were coated with partially purified flavonoids and crude extracts of E. nuttallii. Some aquatic plants
can induce defence and re-allocate nutrients to different tissues thus lowering the palatability of these tissues
when they are attacked by herbivores. For instance, when exposed to herbivory by insects, M. spicatum can
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reduce the nutritional value of its tissues by allocating less nitrogen to parts that are vulnerable to grazing and re-
allocate it to more secure tissues (Rothhaupt et al., 2015).

Invasive species possess a number of additional traits that can govern their successful establishment and spread
in the new areas. Many invasive species for instance, have a fast growth rate and produce a large amount of plant
material via seed production and/or fragmentation (Grotkopp and Rejmanek, 2007; Silveira et al., 2009). A meta-
analysis conducted by van Kleunen et al. (2010) demonstrated that functional traits of plant species including
overall fitness, physiology, shoot allocation, leaf area allocation, growth rate and size were significantly enhanced
in invasive species compared to native and non-invasive exotic species. These findings suggest that the potential
invasiveness of plants can be determined and predicted by their performance related traits. Invasive species also
have an increased competitive ability and are capable of utilising available nutrients more efficiently than native
species (Burns, 2004; Funk and Vitousek, 2007; van Kleunen et al., 2010; Fan et al., 2013; Fleming and Dibble,
2015).

Cabomba caroliniana Gray, commonly known as green cabomba or cabomba, is a freshwater perennial
macrophyte native to North and South America, which lives in slow-moving and standing waters. It has been
disseminated around the world as an aquarium plant and is currently a noxious weed in the United States (outside
its natural range), Canada and several European and Asian-Pacific countries including Australia. Cabomba
caroliniana is a Weed of National Significance in many of these countries and is on the list of invasive species of
union concern in the EU (@rgaard, 1991; Mackey and Swarbrick, 1997; Parsons and Cuthbertson, 2001; Sainty and
Jacobs, 2003; ISSG, 2005; Schooler et al., 2009; Brundu, 2015). It has a high rate of biomass production and grows
well in eutrophic as well as oligotrophic environments. It is highly invasive and has detrimental impacts on
waterways. It can spread both vegetatively via fragmentation and sexually by producing seeds, although
production of fertile seeds (and fruits) has not been documented in Australia. Cabomba caroliniana has been
recorded in several waterways along the east coast of Australia (Mackey and Swarbrick, 1997; Sainty and Jacobs,
2003).

The aim of this study was to investigate the ERH and the NWH in freshwater systems by examining the potential
allelopathic and anti-herbivore activity of C. caroliniana using two different potential native ‘enemies’ as the
target organisms; a freshwater vascular plant as a competitor and a generalist herbivore.

Materials and methods
ALLELOPATHY EXPERIMENT
Study species

Potamogeton ochreatus Raoul (blunt pondweed), a native pondweed common in many wetlands located in south-
eastern Australia was used as our target species. This perennial plant inhabits freshwater systems and grows well
in nutrient rich environments. Potamogeton species are known to have allelopathic potential (He et al., 2008;
Zhang et al., 2009; Takeda et al., 2011; Vanderstukken et al., 2011; Pakdel et al., 2013), therefore, P. ochreatus
was used to test the allelopathic antagonistic interactions between the two macrophytes and determine which
species have stronger allelopathic effects.

We collected C. caroliniana from Lake Nagambie (36°47'0"S 145°8'30"E) and P. ochreatus from Hampton Park
Lake (38°02'14.1"S 145°16'24.9"E) in Victoria during summer 2014. An outdoor experiment was carried out using
hard-plastic ponds (capacity, 120 L; height, 0.45 m; diameter, 0.6 m) in the Jock Marshall Reserve (JMR) at Monash
University, Clayton, Victoria, during the period February 2014—May 2016. The bottom of each pond was covered
with 5 cm top-soil overlaid by 1 cm of washed sand one day prior to the addition of macrophytes. The ponds were
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then filled with rainwater held in header tanks within the JMR. Plastic mesh partitions (2 cm? diameter) were
placed across the middle of each pond. The partitions were soaked in rainwater for one week prior to use to
eliminate any contamination.

Macrophyte material was washed free of debris and zooplankton prior to planting. The top 15 cm of C. caroliniana,
bearing the apical meristem, was cut and planted in the pond. For P. ochreatus, the whole plant (including
rhizomes, shoots and leaves) was used. Both C. caroliniana and P. ochreatus were introduced into three ponds
with each species planted to cover 30% of the sediment surface (Fig. 1). The two plant species were separated by
partitions. This allowed the transfer of water, nutrients and potential allelochemicals from one side to the other
while eliminating the effects of shading and competition for space between the two species. To set up the
controls, we added each species to three separate ponds, at the same planting % cover (30%) on one side of the
pond but leaving the other half of the pond unplanted (Fig. 1). Consequently, we had three replicates of the
treatment and three replicates for each of the controls (totalling nine ponds). Two slow-release fertiliser tablets
(Osmocote, Plus Trace Elements - Water Gardens & Aquatic Plants, Scotts, Australia) were added to each pond
every two weeks for 20 weeks to avoid potential nutrient limitation. The ponds were covered by bird netting (1
mm? diameter mesh, 10-15% shading) throughout the experiment to avoid the spread of the invasive species by
animal vectors and the excessive growth of filamentous and planktonic algae. The growth of C. caroliniana and P.
ochreatus was measured as the % cover filling the entire area at each side of the ponds after 20 weeks and was
compared to the controls containing either C. caroliniana or P. ochreatus.

30% 30% 30%
F. achreotus C. caraliniong P. ochreatus

30%

Mo plant Na plant

C. carcliniana

Fig. 1. Diagram showing the experimental set up in the allopathy investigation. a) mixed species plantings
containing Cabomba caroliniana and Potamogeton ochreatus, b) single species planting of P. ochreatus (control)
and c) single species planting of C. caroliniana (control) all separated by a partition.

HERBIVORY EXPERIMENT

Study species

Most direct herbivory on living macrophytes is by invertebrate herbivores from the families and orders of primarily
terrestrial insect species including aquatic lepidopterans, Curculionidae, Chrysomelidae and specialist dipterans
(Newman, 1991). We used a moth larva, Parapoynx rugosalis Moschler as a potential enemy to examine the
deterrent activity of C. caroliniana on a generalist aquatic invertebrate herbivore. Parapoynx rugosalis is a native
moth species in the family Crambidae. We selected this species because generalist herbivores are more likely to
feed on and hence impact invasive macrophytes compared with specialist herbivores. The aquatic larvae of
Parapoynx species feed on Potamogeton species, although, they are also known to feed on several other
macrophyte species from different genera including Vallisneria, Hydrilla, Nymphaea, Ludwigia and Cabomba
(Habeck, 1974; Buckingham and Bennett, 1989; Mueller and Dearing, 1994; Schooler et al., 2006; Hutchinson et

74



al., 2015). The larvae of P. rugosalis use leaf fragments of the host plant to make stationary or portable cases to
cover themselves (Habeck, 1974). We further tested the effect of herbivory by P. rugosalis on the % cover of its
common food source, P. ochreatus and compared the herbivory damage on C. caroliniana and P. ochreatus caused
by the larvae.

Parapoynx rugosalis larvae were collected from the outdoor ponds in the JMR. The experiment was carried out in
a controlled temperature (CT) room (23+1 °C, 14:10 light:dark period and 70 pmol photons PAR m? s?) at the
School of Biological Sciences, Monash University, Victoria during summer 2015. We added 5cm top soil covered
with 1-2cm white washed sand to small glass aquaria. The aquaria were then filled with distilled water. Cabomba
caroliniana (shoots with apical meristem) and P. ochreatus (whole plant) were planted separately in each
aquarium to cover 50% of the total area. Six replicates were established for each plant. The aquaria were then
incubated in the CT room for one week to allow the plants to establish. Five P. rugosalis larvae (approximately
5mm) were added to three aquaria (treatments) and the other three (controls) remained free of herbivores. The
herbivory damage of plants (% cover loss) caused by the larvae was recorded after 3 days and was compared to
the controls.

STATISTICAL ANALYSIS

We used two-factor ANOVAs tests to compared the % cover of C. caroliniana and P. ochreatus when they were
grown together to when they were grown separately in the control ponds in the allelopathy experiment.
Furthermore, the % cover of P. ochreatus was compared to C. caroliniana in the mixed species ponds by
conducting the same analysis. We also performed two-factor ANOVASs (in which the factor levels were species and
treatment combined) to compare the effect of larval feeding on the % cover of C. caroliniana and P. ochreatus in
the herbivory experiment. ANOVAs were followed by Tukey’s post hoc tests when significant results were found.
All data were tested for normality and homogeneity of variances. Data analysis was carried out using the R
Statistical Program (RStudio, ver. 3.3.1 (2016-06-21)) with a criterion of a = 0.05 as the significance level.

Results
ALLELOPATHY EXPERIMENT

We found significant effects of macrophyte treatment (single plant versus mixed species) and macrophyte species
(native and invasive) (F = 60.31, df = 1, p < 0.001 and F = 19.7, df = 1, p < 0.001 respectively). The interaction
between treatment and macrophyte species was non-significant. The % cover of P. ochreatus grown separately
was significantly higher than its % cover when grown in the same ponds as C. caroliniana (p < 0.01, Fig. 2). There
was also a higher % cover of C. caroliniana when grown separately than when grown in the mixed species ponds
(p < 0.01, Fig. 2). In addition, our results revealed a significant difference between the % cover of C. caroliniana
and P. ochreatus when grown next to each other (p < 0.05, Fig. 2). However, C. caroliniana had a similar % cover
to P. ochreatus when the two plants were grown separately.
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Fig. 2. Mean (+SE) % cover of Potamogeton ochreatus (grey bars) and Cabomba caroliniana (black bars) in the
mixed ponds (grown together) and the controls (grown alone).

HERBIVORY EXPERIMENT

We found a statistically significant effect of the interaction between herbivory treatment and macrophyte species
(F=28.04,df =1, p<0.001). Cover by both C. caroliniana and P. ochreatus was significantly lower in the presence
of the larvae compared to the controls (p < 0.001 and p < 0.001 respectively, Fig. 3). Furthermore, C. caroliniana
had significantly lower % cover compared to P. ochreatus following exposure to the larvae (p < 0.001, Fig. 3) with
the larvae causing a 95 + 3 % cover decrease for C. caroliniana but only a 48.3 + 7.3 % cover drop for P. ochreatus.
The % cover of C. caroliniana was similar to P. ochreatus in the control aquaria where the larvae were absent.

120
100
80

T
60 B Treatment

W Control
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40

20

P. ochreatus C. caroliniana

Fig. 3. Mean (+SE) herbivory damage (shown as % cover loss) on macrophytes in the presence of the moth larva,
Parapoynx rugosalis (treatment) and when the larva was absent (control).

Discussion
ALLELOPATHY EXPERIMENT
Our findings suggest that growth of the native macrophyte, P. ochreatus (measured as % cover) can be

constrained by allelopathic effects of the invasive species and that C. caroliniana uses its novel biochemistry to
enhance its invasiveness. Moreover, the presence of P. ochreatus can have a negative effect on the % cover of C.
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caroliniana. By the end of our experiment, the cover by both macrophytes had entirely filled the total available
areas (half of each pond) in most ponds in control plantings (single species plantings). In mixed species plantings,
the extent of cover by both macrophytes was lower. This suggests that there is an antagonistic relationship
between C. caroliniana and P. ochreatus and further, that allelopathy may be a two-way interaction between
these species. Thereby, the NWH may not be specific to invasive macrophytes, and invasive species may be
similarly affected by the novel biochemicals produced by some native counterparts. Cabomba caroliniana is
known to have an allelopathic effect on phytoplankton (Nakai et al., 1996; 1999) and has been shown to supress
germination of terrestrial vascular plant species in its native habitat (El-Ghazal and Riemer, 1986). A range of
Potamogeton species are also allelopathically active towards phytoplankton (He et al., 2008; Zhang et al., 2009;
Takeda et al.,, 2011; Pakdel et al., 2013).

Although nutrient availability is a major factor regulating the structure and dynamics of macrophyte communities
in aquatic systems (Gopal and Goel, 1993; Barko and James, 1998; Gross, 2003), competition for nutrients is rarely
a limiting factor to growth for C. caroliniana and P. ochreatus because both macrophytes are submerged species
that are capable of acquiring nutrients from sediments and the water column (Wetzel, 1988; Gopal and Goel,
1993; Barko and James, 1998). Hence, even when the nutrient level of surrounding water is low, there is an
alternative source of nutrients in the sediment. However, invasive species are more successful in colonizing
eutrophic habitats (high nutrient concentrations) and can be negatively affected by nutrient reduction (Gérard et
al., 2014). Moreover, they can store nutrients such as phosphorus in their tissues when nutrient levels are high
or, acquire nutrients from the water column in adverse conditions, thereby possibly outcompeting native species
when the nutrient level of the system declines (Wersal and Madsen, 2011; Gérard et al., 2014). Consequently, we
minimised the potential for nutrient limitation to influence % cover of the macrophyte species by adding nutrients
to all ponds.

Competition for resources such as space is also inevitable between macrophytes that occupy similar niches
(Schallenberg and Waite, 2004; Casanova and Zhang, 2007; Stiers et al., 2011). Both C. caroliniana and P.
ochreatus are canopy forming submerged species that inhabit shallow as well as deep water. In our study, we
separated the species in mixed ponds with the use of a partition so that allelopathic interactions would not be
confounded with competition for space. Therefore, we can conclude that the antagonistic interaction between
the two species is more likely due to chemical interference rather than competition for resources such as nutrients
and space. To our knowledge, this study is the first to determine a negative effect of C. caroliniana on an aquatic
vascular plant species outside its natural distribution and to show possible allelopathic potential of a native plant
on an invasive species in freshwater system.

Cabomba caroliniana forms monospecific stands in its introduced ranges but co-exists with several submerged
macrophytes including Potamogeton species in its native habitat (Schooler et al., 2009). In our study, P. ochreatus
appeared to supress the growth of the invasive macrophyte. Our findings suggest that C. caroliniana should also
be able to co-exist with P. ochreatus in its introduced areas. Moreover, the presence of native competitors, in
particular those with allelopathic potential may limit the invasive potential of C. caroliniana and perhaps other
exotic macrophytes. A previous study conducted by Levine et al. (2004) also showed that native competitors may
not be able to prevent invasion, but they can limit the invasion success of some macrophyte species.

We conducted our experiment using mature plant material. However, the effect of invasive plant biochemistry
may differ on native species at different ages and native macrophytes may be affected greatly during their more
vulnerable life stages. For example, water containing the chemical released by two invasive Ludwigia species was
found to significantly decrease germination and increase seedling mortality of two native plants (Dandelot et al,,
2008). Additionally, macrophytes exhibit different levels of allelopathy at different life stages (Mulderij et al.,
2003). In general, younger more active macrophytes are more chemically defended than older individuals and
can have a greater allelopathic impact on other species (Planas et al., 1981; Gross, 2000; Mulderij et al., 2003;
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Mulderij et al., 2005). Consequently, the outcome of the allelopathic interactions between C. caroliniana and P.
ochreatus may be affected by the age of the two plants. Invasion success of C. caroliniana may be markedly
reduced and it may not be able to establish in systems where native species, in particular those with allelopathic
potential, are already present. On the other hand, immature native plants may be incapable of tolerating the
novel biochemistry of C. caroliniana and may be outcompeted once C. caroliniana is established. This suggests
that systems that are healthy and contain native macrophytes have a greater and prolonged ability to resist
infestation by C. caroliniana and are less likely to be invaded. Nonetheless, even with a minor change in the system,
conditions may favour one species more than the other, depending on their growth form and life strategy. In due
course, one species may become dominant and overcome the other (Stiers et al., 2011). Disturbed systems are
more prone to invasion (Pimm and Hyman, 1987; Baltz and Moyle, 1993) and invasive species respond more
positively to disturbance than natives (Quinn et al.,, 2011). Cabomba caroliniana proliferates through
fragmentation. This growth strategy combined with the use of other mechanisms such as allelopathy can
therefore increase the potential of C. caroliniana to establish more rapidly than native species in a disturbed
system.

Cabomba caroliniana can grow well in eutrophic systems (Schooler et al., 2009). Although resource availability
plays an important role in the success of invasive species, in freshwater systems where native competitors and
herbivores abound, the role of resource availability diminishes (Levine, 2000; Kennedy et al., 2002; Davis, 2009;
Michelan et al., 2013). Native macrophytes with allelopathic potential may be used as biocontrol agents. However,
it should be considered that some biocontrols might be very successful in one geographic area but fail to establish
or control invasive species in other regions (Kamath, 1979; Room et al., 1981). Additionally, some invasive species
can be managed using biocontrols but have the capacity to build resistance due to rapid adaptive evolution
(Muller-Scharer, 2004), hence, prolonged monitoring is warranted. Further research investigating the antagonistic
interactions between C. caroliniana and a range of native macrophytes at different life stages and under different
environmental conditions should be performed. Moreover, combined studies looking into the interactions
between the native and invasive macrophytes in situ and in the laboratory would be beneficial.

HERBIVORY EXPERIMENT

We found some degree of herbivory damage on both native and invasive macrophytes when the herbivore, P.
rugosalis was released into the aquaria. The results clearly show that the invasive species had a lower resistance
to herbivory by the moth larvae compared to the native macrophyte. Cabomba caroliniana contains
allelochemical compounds that are active towards competing species (El-Ghazal and Riemer, 1986; Nakai et al.,
1996; 1999). However, the compounds did not exhibit deterrent activity against the larvae in our study. This may
be explained by several factors including the nutrient content and palatability of the plant, the tolerance of C.
caroliniana to herbivory, the positive response of the larvae to allelochemicals produced by C. caroliniana, the
biotic resistance of herbivores to invasive species and/or the physical characteristic of leaf and stem tissues (e.g.
toughness) of the plant.

In some cases, the feeding preference and growth of herbivores can be related to nutrient composition and
stoichiometry of the invasive plant species rather than their specific invasive traits such as allelopathy (Grutters
et al., 2016). Overall, nitrogen content of a plant is the foremost nutrient that defines its food quality (White,
2012). Phosphorus is another important chemical to aquatic herbivorous invertebrates and may limit their growth
(Perkins et al., 2004). Riemer and Toth (1970) found that C. caroliniana had a much higher nitrogen and
phosphorus concentration in its tissues than other macrophyte species tested in the same family. In addition, the
water extract of C. caroliniana contained more nitrogen than other macrophytes from different families (EI-Ghazal
and Riemer, 1986). The availability of resources such as nitrogen (or light) has a proportional relationship with the
concentration of defensive compounds (Bryant et al., 1983). A study conducted by Duarte (1992) demonstrated
that C:N and C:P ratios decline when nitrogen and phosphorus concentration in the tissues of freshwater plants
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increases. Tissue concentrations of tellimagrandin II, the main polyphenol found in Myriophyllum spicatum also
increased at low nitrogen and light availability (Gross, 2003). Cabomba caroliniana was grown in ample nutrient
concentration, which could have had an effect on the C:N and C:P ratios in the plant tissues. Invasive species
growing in a system with high resource availability in general, have a high nitrogen concentration in their tissues
and invest less in chemical defence (e.g. production of phenolic compounds), thus, are more susceptible to
enemies (Blumenthal, 2006). Many aquatic invertebrates such as Lepidopterans and snails prefer feeding on
nutritious plants that contain the highest nitrogen level than those that are more chemically defended (Newman
et al., 1996; Burlakova et al., 2009). For example, the larvae of A. ephemerella have the ability to grow on the
invasive allelopathic macrophyte, M. spicatum, nevertheless, hydrolysable polyphenols present in M. spicatum
can affect the larval growth. The larvae grow better on Potamogeton perfoliatus, which is less defended and is
more nutritious (Choi et al., 2002; Walenciak et al., 2002). This was also shown by the feeding preferences of fish
species. Fish avoided feeding on the chemically defended M. spicatum, while, consumption of M. spicatum
increased when the C:N ratio of the plant was lowered (Dorenbosch and Bakker, 2011). This indicates that nutrient
content of plants can mask the deterrent activity of allelochemical substances.

In contrast, larvae of another aquatic insect, Parapoynx stratiotata avoided feeding on C. caroliniana in its
introduced range even though the nutrient composition of C. caroliniana was similar to all other native and
invasive plant species that were investigated (Grutters et al., 2016). Parapoynx obscuralis also avoided feeding on
and defoliating the leaves or stems of C. caroliniana in Central Texas (Hutchinson et al.,, 2015). Cabomba
caroliniana exhibited an induced defence against herbivory by crayfish and a snail species (Morrison and Hay,
2011b). However, in our study, there was prominent herbivory damage on C. caroliniana while the effect was
reduced on the native plant tested. This suggests that the response of invasive species to herbivory and hence
the plant-herbivore interactions is unique and may be variable. Contrary to what the ERH predicts, some invasive
plants can experience greater, rather than lesser, feeding damage by naturally recruited native herbivores
compared to native plants, which can be explained by biotic resistance of native invertebrates (Agrawal and
Kotanen, 2003; Parker and Hay, 2005; Morrison and Hay, 2011a). As a result, invasive macrophytes can be prone
to a higher herbivore load and therefore a greater level of herbivory damage than natives (Liu and Stiling, 2006).

On the other hand, some plants tolerate herbivory via rapidly regrowing, reproducing and replacing the damaged
tissues after herbivory (Strauss and Agrawal, 1999). A study conducted by Wang et al. (2011) demonstrated that
Chinese tallow trees from introduced populations achieved a larger size compared to tallow trees from native
populations. Herbivores had a higher density and a larger pupal size when feeding on introduced tallow trees than
on natives. Despite higher herbivore loads, the introduced populations exhibited a greater herbivore tolerance;
thereby, the overall impact of the herbivores on plant performance was lower on invasive plants compared to the
native populations (Wang et al., 2011). Certain aquatic plant species can propagate quickly by producing new
branches or can enhance fragmentation, thus increase reproduction, in response to herbivory (Lemoine et al.,
2009). Cabomba caroliniana may use chemical defence against some herbivores but tolerate herbivory by others.
The plant has a fast growth rate and can grow from small fragments even after it is heavily damaged (Schooler et
al., 2009). This strategy may compensate for the biomass loss due to herbivory. As opposed to herbivory
avoidance and tolerance, some invasive species produce chemical substances that attract aquatic herbivores. For
example, the milfoil weevil, Euhrychiopsis lecontei is attracted to the chemicals exuded by M. spicatum (Marko et
al., 2005). The chemical composition of C. caroliniana has not been studied in detail; therefore, we have no
evidence to support this assumption. Nevertheless, the plant-herbivore interactions between other invasive
macrophytes such as M. spicatum and different herbivores show that one plant can have deterrent activity on
certain herbivores but attract others.

Physical attributes (e.g. toughness) of a plant can also determine its palatability. Plant toughness can be more

important than chemical defence in defining feeding preferences of some herbivores (Pennings et al., 1998).
Herbivory damage on C. caroliniana caused by the larvae in our study ranged from intense exploitation of the
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leaves (food source) to defoliation of the main stems (protective cases). Cabomba caroliniana has finely dissected
leaves and soft fragile stems, hence, the larvae preferentially used the stem of C. caroliniana to build its protective
cases. This resulted in a higher damage of C. caroliniana compared to P. ochreatus whereas P. ochreatus only
experienced damage to sections of its leaves. Mueller and Dearing (1994) noticed that P. rugosalis larvae endure
intense predation when they construct their protective cases using adult leaves of the water lily, Nymphaea ampla
compared to young leaves. This indicates that higher toughness of the leaf can limit the ability of the larvae to
form their cases and consequently increases the level of predation they face. Accordingly, these larvae might
prefer C. caroliniana over P. ochreatus if the two plants co-exist in a system, due to a higher risk of predation if
they are exposed for longer when cutting the tough leaves of P. ochreatus.

The results from our study indicate that allelopathy may not increase the invasiveness of C. caroliniana per se, but
it can confer an advantage to enhance the invasion success of the plant. Invasion success is not driven by a single
factor, rather multiple interconnected strategies are used together, which can determine the degree of species
invasiveness (Mitchell et al., 2006; Fleming and Dibble, 2015). Cabomba caroliniana may be prone to attacks by
some aquatic herbivores, nevertheless, other traits such as reproduction via vegetative propagules (@rgaard,
1991), high resilience to desiccation (Bickel, 2015), capacity to grow under a range of nutrient conditions (Bickel,
2012) and a high regeneration potential (Bickel, 2012) together with allelopathic activity against a range of
competitors (El-Ghazal and Riemer, 1986; Nakai et al., 1996) enable this species to become a highly invasive weed.

Conclusion

There is insufficient research on freshwater invasions; hence, many applied ecological studies lack adequate
empirical information, which can assist us in decision-making strategies to control invasive species in freshwater
systems. Understanding the specific traits that are responsible for the success of invasive macrophytes would be
beneficial in predicting the future spread of these species. Our study demonstrated an antagonistic interaction
between C. caroliniana and P. ochreatus, which is possibly due to chemical intervention. Combined with its other
competitive attributes, C. caroliniana can use its novel biochemistry to enhance its invasion success. In addition,
allelopathic native competitors may have the potential to be used as biological control agents to control invasive
macrophytes such as C. caroliniana. We found that broad generalist herbivores such as P. rugosalis can be tolerant
to the biochemicals of C. caroliniana, however, the deterrent activity of C. caroliniana should be tested on a wider
range of aquatic invertebrates including specialist herbivores or those that have a narrower feeding range. The
allelopathy and the herbivory treatments were conducted in separate experiments in our study; consequently,
we were not able to delve into the effect of factors in combination, or with more realistic conditions in which
these factors interact. The herbivores in our experiment were essentially offered ‘no choice’ between the two
macrophyte species, therefore, it is difficult to determine how the combination of allelopathy and natural
herbivory would play out in situ. Further research needs to include simultaneous testing of a wider range of plant
competitors with allelopathic potential and the effect of herbivory by moth larvae on a wider range of native
macrophytes.
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Chapter 5.

General Discussion

Area of Anabaena variabilis growth inhibition caused by live material of Cabomba caroliniana.
Photo credit: Fariba Moslih Pakdel
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Overview

This study sought to address some of the knowledge gaps in freshwater invasion by investigating the potential
allelopathic effects of invasive submerged macrophytes on different organisms inhabiting freshwater systems. |
used three invasive freshwater plants, Egeria densa, Elodea canadensis and Cabomba caroliniana to test the
potential allelopathic effects of these species on competitors such as microalgae (cyanobacteria and green algae),
and compared their effects to a range of native macrophytes (refer to Table 1, Chapter 2 for the full list of donor
and target species). A further objective of this study was to test two of the major hypotheses in invasion biology,
the NWH and the ERH in order to explain and predict the invasion potential of exotic invaders and to seek evidence
supporting these hypotheses in freshwater systems (Chapters 2—4). | tested the bioactivity of C. caroliniana on
different competitors (microalgae and a macrophyte), a herbivorous moth larva and on community dynamics of
aquatic invertebrates (macroinvertebrates and zooplankton), and compared its bioactivity to a native macrophyte,
Potamogeton ochreatus. Information acquired via this study can deliver an empirical basis for understanding the
different traits that are responsible for the success of invasive macrophyte species in freshwater systems. This
information can be used in effective management strategies to mitigate the impacts and the spread of invasive
species. A summary of the main objectives, primary aims and major findings of the study is illustrated in Fig. 1.

Objective 1: Assessing the allelopathic potential of native and invasive macrophytes on microalgae (Chapter 2)

My study found strong species-specific deleterious effects of the three invasive macrophytes towards the
microalgal species tested. Species-specific inhibitory effects were also seen in some native macrophytes against
the microalgae. Many macrophytes were shown to exhibit species-specific allelopathic activity on planktonic and
epiphytic cyanobacteria, green algae and diatoms (Kérner and Nicklisch, 2002; Hilt et al., 2006; Hilt and Gross,
2008; Bauer et al.,, 2009; Mohamed and Al Shehri, 2010; Pakdel et al., 2013). In my study, the effect of C.
caroliniana was stronger than E. densa and E. canadensis. Previous research demonstrated that £. canadensis and
E. densa have the ability to constrain the growth of different phytoplankton species via allelopathy under non-
laboratory conditions (Erhard and Gross, 2006; Vanderstukken et al., 2011). However, allelopathic effects of
Elodea species were found to be relatively moderate compared with other macrophytes (Hilt and Gross, 2008).
Cabomba caroliniana has exhibited a higher level of invasiveness than E. canadensis and E. densa around the
globe (Mackey and Swarbrick, 1997; Parsons and Cuthbertson, 2001; Sainty and Jacobs, 2003; ISSG, 2005; Brundu,
2015). The strong potential allelopathic activity of C. caroliniana against competitors such as microalgae can
explain its greater invasion success compared with the other two invasive species.

I also found stronger inhibitory effects of C. caroliniana against microalgae compared to most native macrophytes,
but it had similar bioactivity to C. demersum and to a lesser degree, P. crispus. In addition, a strong inhibitory
effect of C. caroliniana and P. ochreatus was found on the growth of M. aeruginosa using dialysis cassettes in the
mesocosm experiment. However, the density of naturally-occurring microalgae was significantly lower in the
mesocosms where C. caroliniana was present than in mesocosms with P. ochreatus and the controls (no plants
present) in the nutrient addition experiment and after nutrient addition to the mesocosms ceased. The
allelopathic potential of some invasive macrophytes can be similar to that of natives (Jarchow and Cook, 2009;
Huang et al., 2010; Lind and Parker, 2010), yet some invasive macrophytes can produce a higher concentration
and greater diversity of chemical compounds that can enhance their invasiveness (Marko et al., 2008; Wolf et al.,
2011). Cabomba caroliniana may be able to produce stronger and/or more diverse allelochemical compounds,
which can supress a wider range of microalgal species compared to native macrophytes such as P. ochreatus. In
summary, the success of invasive species can vary depending on the composition of native microalgal
communities already present within a system. Cabomba caroliniana may use its allelopathic potential to
overcome competition with microalgae. This mechanism may have an important role in facilitating the success of
C. caroliniana and other invasive macrophytes in their introduced range, but the use of this mechanism is not
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restricted to invasive species. Further study of the potential ecosystem dynamics of macrophytes, in native, exotic
or mixed stands is warranted.

Objective 2: Assessing the invertebrate communities in native and invasive macrophyte beds in a mono-culture and
co-culture settings (Chapter 3)

| found four major functional feeding groups (FFG) in the native and invasive macrophyte beds and in the controls.
Community dynamics of the invertebrates (taxa richness, abundance, richness and abundance of FFG and
community compositions) were similar in native and invasive macrophyte stands in both mono-culture (either
native or invasive plant) and co-culture (native and invasive plants grown together) settings. Furthermore,
invertebrates did not discriminate between the native and invasive macrophytes when they were given a choice
of selecting either plant as a refuge. These results suggest that mono-specific stands formed by invasive
macrophytes can support equivalent invertebrate community dynamics to mono-specific stands of native species.
Cabomba caroliniana has a complex structure, which may have ‘positive’ impacts on associated invertebrates in
some systems by providing shelter and by enhancing substrate for epiphyte attachment. Thereby, the positive
physical aspects of C. caroliniana can offset its adverse effects on some invertebrates. Mono-specific stands of
invasive species that offer a greater level of habitat complexity compared to native macrophytes have been shown
to support a higher density of macroinvertebrates (Strayer et al., 2003; Kelly and Hawes, 2005; Hogsden et al.,
2007). This indicates that invertebrates may not differentiate between native and invasive plants with a similar
physical architecture when selecting habitat, although this may not mitigate the negative impacts of invasive
macrophytes such as C. caroliniana enforced on other biota and on overall ecosystem function. Furthermore, the
community dynamics of invertebrates present in native and invasive macrophytes were similar to those found in
open water (controls). This suggests that despite previous findings, some invertebrate communities may not
differentiate between macrophyte habitats and open water in certain systems.

Objective 3: Assessing the bioactivity of an invasive macrophyte on two native ‘enemies’ (Chapter 4)

| tested the bioactivity of C. caroliniana on a native plant (allelopathy experiment) and on a herbivorous
invertebrate (herbivory experiment). A significantly lower % cover of P. ochreatus and C. caroliniana was found
when the two plants were grown together in the same ponds compared to the controls (single species planting)
in the allelopathy experiment. In addition, the larvae of Parapoynx rugosalis inflicted a high level of feeding
damage on C. caroliniana in the herbivory experiment. The larvae also caused great herbivory damage on the
native plant, P. ochreatus, although the amount of damage was significantly lower on the native versus invasive
plant. These outcomes indicate that C. caroliniana may use its novel chemical weapons against competitors, but
use a herbivory tolerance strategy when exposed to herbivores. Furthermore, C. caroliniana may have the
capacity to establish and spread in systems where other potential native ‘enemies’ such as competitors and
herbivores are absent. Nevertheless, the presence of native enemies can regulate its growth. Past research also
revealed that although native enemies may not be able to prevent invasion, they could limit the invasion success
of some macrophyte species (Levine et al., 2004). Cabomba caroliniana has a fast biomass turnover and can grow
from small fragments (Schooler et al., 2009). This strategy can counteract the biomass loss of C. caroliniana and
other invasive macrophytes due to herbivory (Lemoine et al., 2009).
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Central Research Question: What are the roles of allelopathic native and invasive macrophytes in freshwater systems?

Study Aim: To compare the allelopathic effects of native and invasive macrophytes on cyanobacteria, green algae and
invertebrate communities in freshwater systems, and to test the NWH and ERH by investigating the bioactivity of an

invasive macrophyte
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Discussion and management implications

Many studies have been conducted to recognise and evaluate the impacts of invasive freshwater macrophytes
on different biota (Lassuy, 1995; Dextrase and Mandrak, 2006; Bryant and Papas, 2007; Hogsden et al., 2007;
Schultz and Dibble, 2012). However, the steering strategies used by invasive macrophytes that cause these
impacts are poorly understood. Understanding the mechanisms behind the success of invasive species would help
in the making of management decisions that are more reliable. Invasive aquatic macrophytes use several
important strategies including prolific growth and an ability to grow from fragments (Hussner, 2009; Schooler et
al., 2009), high plasticity under stressful conditions (Stiers et al., 2011 Jahnke et al., 1991; Dendene et al., 1993;
Ozimek et al., 1993), increased competitive ability (Fan et al., 2013; Fleming and Dibble, 2015), induced chemical
defence against herbivory (Rothhaupt et al., 2015) and production of allelochemicals (Erhard and Gross, 2006)
that can be novel to the native macrophytes (in marine systems, Svensson et al., 2013).

My study suggests that E. densa, E. canadensis and C. caroliniana can use their novel biochemistry to inhibit the
growth of specific microalgae (experiment 1, Chapter 2). However, the effects of £. densa and E. canadensis were
strong on some of the target species, but weak or absent on others. This suggests that the allelopathic potential
of E. densa and E. canadensis may be relatively moderate compared to other macrophyte species (Hilt and Gross,
2008). Furthermore, the longer introduction history of £. densa and E. canadensis in Australia may have provided
some of the native microalgal species with an opportunity to become resistant towards the novel chemical
weapons of these species over time while others remained susceptible (Miller-Schérer et al., 2004). The species-
specific allelopathic effects of invasive macrophytes can lead to changes in community composition of microalgae
by reducing the abundance of certain species. For example, Vanderstukken et al. (2011) demonstrated that
reduction in the relative abundance of Scenedesmus species caused by E. densa could alter the overall community
structure of phytoplankton. Cyanobacteria are more sensitive to allelochemicals produced by macrophytes
(Kérner and Nicklisch, 2002; Mulderij et al., 2003; Hilt and Gross, 2008; Mohamed and Al Shehri, 2010). As a result,
invasive macrophytes are expected to impact cyanobacteria more significantly compared with green algae and
diatoms.

Unlike E. densa and E. canadensis, C. caroliniana displayed strong inhibitory effects against all microalgae in the
laboratory and in outdoor conditions (experiments 1-3, Chapter 2). The plant could also suppress the growth of
the native macrophyte (allelopathy experiment, Chapter 4). Furthermore, the hygrophilous snails avoided feeding
on C. caroliniana and preferred the native plant (experiment 2, Chapter 3). Nevertheless, C. caroliniana did not
show any deterrent activity towards the herbivorous moth larvae and other invertebrates (herbivory experiment,
Chapter 4 and experiment 1-2, Chapter 3 respectively). These outcomes suggest that C. caroliniana may also
selectively utilise its novel biochemicals, particularly against competing species, but can benefit using alternative
strategies towards others. Hence, it appears that invasion success of freshwater macrophytes is not driven by a
single mechanism. In fact, a combinbation of different strategies are employed by invasive macrophytes, which
can strengthen their invasiveness in an introduced range and can intensifiy their chance to overcome myriad
counterpart organisms (Mitchell et al., 2006; Fleming and Dibble, 2015).

Indeed, explicit reference to the mechanisms used by invasive species alone cannot define the invasion potential
of macrophytes. Fundamentally, other associated factors such as environmental and ecological characteristics,
including biotic and abiotic filters, within a system also play a pivotal role in the success of these species (Jacobs
and Maclsaac, 2009; Wersal and Madsen, 2011; Fleming and Dibble, 2015; Tabassum and Leishman, 2016).
Invasion is more likely to occur in disturbed systems (Pimm and Hyman, 1987; Baltz and Moyle, 1993; Quinn et
al., 2011) and many invasive plants thrive in nutrient-rich environments (Gallardo et al., 2016). Thereby, the
reliance of most invasive macrophyte species on high levels of nutrients can be a key predictor of their future
spread as well as the degree of their invasiveness in a particular system. Nutrient availability can also alter the
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chemical properties and hence the chemical defence of invasive plants (Bryant et al., 1983). For example, an
increased nitrogen concentration in the system can lead to a decline in C:N ratio in plant tissues (Duarte, 1992).
Alternatively, tissue concentrations of certain allelochemical substances can increase at low nitrogen and light
availability (Gross, 2003a). Many aquatic invertebrates such as Lepidopterans and snails prefer feeding on
nutritious plants that contain the highest nitrogen level than those that are more chemically defended (Newman
et al., 1996; Choi et al., 2002; Walenciak et al., 2002; Burlakova et al., 2009). Therefore, high nutrient availability
in a system can sometimes have an adverse impact on invasive species because the plant may invest less in
chemical defence (e.g. production of phenolic compounds) and become more palatable (e.g. more nitrogen
content in the tissues), thus it can be more susceptible to enemies (Newman et al., 1996; Blumenthal, 2006;
Burlakova et al., 2009).

Exploitative competition with native competitors and the activity of enemies are two main biotic filters that can
influence the invasion success of macrophytes. A higher diversity and density of native competitors can reduce
the likelihood that a system will be invaded (Xu et al., 2004; Klironomos et al., 2006; Fleming and Dibble, 2015;
Thomaz et al., 2015). Competition for resources will be intense if a greater number of species occupy a site, which
means less resources will be available for the new arrivals (Elton, 2000). Furthermore, a community of native
species with high richness and greater functional diversity has a greater chance of containing a few species that
possess biotic resistance towards invasive species (Levine, 2000; Fargione and Tilman, 2005). The susceptibility of
a system to invasion can also decline when native enemies (herbivores and pathogens) are abundant (Levine et
al., 2004; Xiong et al., 2008; Davis, 2009; Fleming and Dibble, 2015; Thomaz et al., 2015). However, a lower
diversity of native enemies is not always regarded as leading to less damage because even one or two enemies
can have a marked impact on invasive species (Maron and Vila, 2001; Parker and Hay, 2005; Schooler et al., 2006;
Morrison and Hay, 2011). Despite the importance of resource availability in determining the success of invasive
species, high biodiversity of native competitors and herbivores in freshwater systems can reduce its importance
(Levine, 2000; Kennedy et al., 2002; Davis, 2009; Michelan et al., 2013).

In a previous study, E. canadensis showed a non-uniform distribution in invaded areas and it did not display its
invasiveness in heterogeneous systems where a rich macrophyte community containing Potamogeton was
present (Kuhar et al., 2010). This indicates that healthy systems with a greater diversity and/or density of native
macrophytes have a higher capacity to resist infestation by C. caroliniana and other exotic macrophytes.
Nonetheless, C. caroliniana might have a greater potential to invade systems that are facing disturbance because
the plant can grow from heavily damaged fragments in eutrophic as well as oligotrophic systems (Schooler et al.,
2009). In contrast, since the successful establishment and spread of invasive species would diminish if they occupy
a similar niche to the resident species (Abram, 1983; Fargione et al., 2003; Von Holle and Simberloff, 2004), native
allelopathic macrophytes with a similar niche may possibly be capable of regulating the growth of invasive
macrophytes in infested wetlands and limit their further distribution. In my study, P. crispus displayed allelopathic
activity similar to that of C. caroliniana towards microalgae, and it could limit the growth of C. caroliniana.

The moth larvae could also cause a great deal of feeding damage on C. caroliniana, although snails avoided feeding
on this macrophyte. Aquatic Lepidoptera have been extensively studied as potential candidates to control non-
indigenous invasive and nuisance aquatic macrophytes (Habeck, 1974; Schooler et al., 2006). Schooler et al.
(2006) predicted that moth larvae from the Crambidae family may be able to control C. caroliniana in Australia.
However, many aquatic crambids are highly polyphagous (Herlong, 1979; Stoops et al., 1998). In the classical
biocontrol of weeds, the host specificity of the herbivore should be ensured prior to release in order to prevent
negative impacts on endangered or ecologically important plants.

Overall, allelopathy alone is not responsible for the success of invasive species such as the one used in my study,

but it can provide an advantage to increase the invasiveness of macrophytes. Invasive macrophyte species employ
a set of several mechanisms to enhance their success in an introduced area (Mitchell et al., 2006; Fleming and
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Dibble, 2015). Cabomba caroliniana may be prone to attacks by some aquatic herbivores. Nevertheless, other
traits such as reproduction via vegetative propagules (@rgaard, 1991), high resilience to desiccation (Bickel, 2015),
capacity to grow under a range of nutrient conditions (Bickel, 2012) and a high regeneration potential (Bickel,
2012), together with allelopathic activity against a range of competitors (EI-Ghazal and Riemer, 1986; Nakai et al.,
1996), enable this species to become a highly invasive weed. For example, C. caroliniana may use chemical
defence against competitors and certain enemies but tolerate herbivory by others. The fast growth rate of the
plant from small damaged fragments may compensate for the biomass loss due to herbivory (Schooler et al.,
2009). Egeria densa and E. canadensis also possess a high competitive ability for nutrient uptake, and have a fast
growth rate and an enhanced photosynthetic ability under a wide range of environmental conditions (Jahnke et
al., 1991; Dendéne et al., 1993; Ozimek et al., 1993; Mony et al., 2007; Yarrow et al., 2009). These traits combined
with their allelopathic potential deliver an advantage for E. densa and E. canadensis over native species.

In my study, the three invasive macrophytes demonstrated impacts that can be considered ecologically desirable
by reducing the growth of nuisance microalgae. Furthermore, C. caroliniana could benefit invertebrates directly
as a food source and offering refuge, and indirectly by providing substrate for epiphyte attachment. Several
invasive macrophytes exhibit positive impacts on other freshwater biota (Brendonck et al., 2003; Villamagna and
Murphy, 2010; Villamagna et al., 2010; see Thomaz et al., 2015 and references therein), although these cannot
override the adverse impacts that invasive macrophytes pose on other biota and on overall ecosystem function.
For example, the formation of monospecific stands, which is a common phenomenon after invasion by non-
indigenous macrophytes, reduces overall plant diversity and consequently alters aquatic invertebrate community
composition over time. Furthermore, the high biomass production of invasive macrophytes can restrict open
water habitat for waterbirds. In spite of these effects, the positive impacts of habitat complexity provided for
invertebrates by invasive species such as C. caroliniana should be considered in management plans. Habitat
diversity should be maximised after removal of C. caroliniana or any other invasive species. In addition, the effects
of invasive plants on microalgae and water quality should be considered. Hence, the growth of native residents
should be encouraged in a timely fashion to mitigate habitat loss and formation of algal blooms after the removal
of invasive macrophytes (Kovalenko et al., 2010).

Recommendations for future research

One of the major objectives of my study was to identify some of the key mechanisms used by invasive freshwater
plants that can enhance their successful establishment and spread in introduced areas. | performed the screening
of live material assays under laboratory conditions using non-axenic plant material to investigate the allelopathic
activity of native and invasive macrophytes on microalgae (experiment 1, Chapter 2). Biotic and abiotic factors
such as competition, season, and nutrient and light availability can affect the allelopathic potential of macrophytes
on microalgae (Gross, 2003b; Mulderij et al., 2007; Bauer et al., 2009). Minimising the effects of these factors in
a natural setting is unlikely. Therefore, in order to obtain results that are more reliable, | conducted a separate
mesocosm study using sterile dialysis cassettes to account for some of these factors influencing interactions
between the donor-target species (experiment 2, Chapter 2). Bacterial contamination can change the effects of
allelochemicals that are labile and hence, can alter the interactions between macrophytes and microalgal species
(Gross et al., 2007). Although | excluded bacteria from the dialysis cassettes in the mesocosm experiment
(experiment 2, Chapter 2), bacteria co-exist with macrophytes in nature. Finally, | ran the mesocosm experiment
investigating the allelopathic effects of C. caroliniana and P. ochreatus on naturally-occurring microalgae without
bacterial exclusion (experiment 3, Chapter 2). Allelopathic experiments using a range of different methodologies
can enable us to conclude with a greater certainty that the interactions between counterpart species are due to
chemical intervention rather than other factors. Hence, future studies should employ a set of methods
considering all factors that impact allelopathic potential of macrophytes against microalgae.
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I minimised the effects of nutrient limitation on the allelopathic potential of the macrophytes and on the
interactions between donor-target species (all chapters). Invasive species can regulate the growth of native
competitors under a wide range of environmental conditions (Herb and Stefan, 2006; Mony et al., 2007; Schooler
et al., 2009; Yarrow et al., 2009). Cabomba caroliniana, for example, is capable of invading eutrophic as well as
oligotrophic systems. Moreover, nutrient availability in the system can affect the concentration of defensive
chemicals produced by invasive macrophytes (Blumenthal, 2006). Accordingly, | recommend further investigation
of the bioactivity of invasive macrophytes towards other species under a wider range of nutrient concentrations.

| used Parapoynx rugosalis as a native herbivore to test the deterrent activity of the native and invasive
macrophytes and found that broad generalist herbivores such as P. rugosalis could be tolerant to the chemical
compounds of C. caroliniana (herbivory experiment, Chapter 4). Parapoynx species are known to feed on many
macrophyte species within different genera (Habeck, 1974; Buckingham and Bennett, 1989; Mueller and Dearing,
1994; Schooler et al., 2006; Hutchinson et al., 2015). Insects such as the stem boring weevil, Hydrotimetes natans,
and larvae of the moth species, Parapoynx diminutalis and Paracles sp. demonstrated the potential for effective
control of C. caroliniana (Buckingham and Bennett, 1989; Schooler et al., 2006). My study indicates that some
aquatic herbivores can be used as biocontrol agents to manage the growth of invasive macrophytes including C.
caroliniana; nevertheless, the larvae may also negatively affect non-target native organisms. As a result, the
effects of herbivory by both specialist and generalist aquatic herbivores should be tested on various native and
invasive macrophytes.

| conducted the allelopathy and the herbivory treatments in separate experiments (Chapter 4). These factors
(allelopathic interactions between macrophytes and herbivory) interact in natural conditions, hence the effect of
these factors should be tested simultaneously. Moreover, studies offering the invertebrates a ‘choice’ to select
either native or invasive macrophyte as a food source would be more realistic. Further research needs to include
concurrent testing of a wider range of plant competitors with allelopathic potential and the effect of herbivory by
different aquatic herbivores on a range of native and invasive macrophytes.

Explicit investigations of the NWH and ERH are scarce in freshwater systems. Thus, the NWH and ERH should be
tested using additional invasive macrophyte species, including free-floating and emergent species. In addition,
investigations of the NWH and ERH on species with a range of physical forms would be beneficial. Further
investigation into the interactions between a greater number of native and invasive macrophytes, and between
invasive macrophytes and native herbivores can assist us to identify and select species that have the potential to
be used as candidates to control invasive species such as C. caroliniana. In my study, P. ochreatus exhibited
bioactivity similar to that of C. caroliniana. Furthermore, P. ochreatus could suppress the growth of C. caroliniana.
Ceratophyllum demersum has a physical structure comparable to C. caroliniana and showed a strong allelopathic
potential similar to that of C. caroliniana towards microalgae. Therefore, C. demersum would be able to provide
a habitat that is similar to C. caroliniana. The two native macrophytes, P. ochreatus and C. demersum could be
candidates for further investigation of the interactions between native and invasive macrophytes, and between
macrophytes and other associated fauna.

Conclusion remarks

In summary, my study suggested that the three invasive macrophytes use their novel chemical weapons against
competitors. The effects of E. densa and E. canadensis may be weak or absent on certain microalgae, especially
on cyanobacteria. In contrast, C. caroliniana showed the ability to constrain the growth of all competing species;
however, it had a specie-specific deterrent activity against the invertebrates. The moth larva of P. rugosalis
inflicted considerable herbivory damage on C. caroliniana, but the hygrophilous snails avoided the plant.
Furthermore, C. caroliniana displayed a positive impact on other invertebrates, which could be attributed to the
physical structure of the plant. This indicates that the complex physical architecture of invasive species such as C.
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caroliniana can provide shelter and feeding sites for associated fauna, and is an important criterion for
invertebrates when selecting a plant as a refuge. The bioactivities of the invasive macrophytes were comparable
to those of the native species in some circumstances. Both native and invasive macrophytes exhibited species-
specific allelopathic potentials against the microalgae. Furthermore, the native macrophyte, P. ochreatus had an
antagonistic interaction with C. caroliniana. While both native and invasive species have the potential to produce
allelopathic substances, the novelty of these chemicals may provide invasive macrophytes with a competitive
advantage over many native species. Invasive and native macrophytes that possess a physical structure with
comparable complexity can support equivalent invertebrate communities. Nonetheless, the marked negative
impacts of invasive freshwater macrophytes on the overall ecosystem should not be underestimated in
management strategies. For example, fast biomass production of invasive macrophytes can cause a loss of open
water habitat and that will have marked negative impact on other biota such as waterbirds. In conclusion, invasive
macrophytes such as C. caroliniana can use their novel biochemistry in combination with other strategies to
enhance their invasion success. However, the presence of native competitors and herbivores can regulate their
growth to minimise their invasiveness.
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Appendices

Appendix 1. List of invertebrate taxa (zooplankton and macroinvertebrates) found in the presence of
Potamogeton ochreatus (native), Cabomba caroliniana (invasive) and controls (no plants) during three different
seasons. (Experiment 1, chapter 3).

Spring Summer Autumn
Invasive Native Control Invasive Native Control Invasive Native  Control
Anisoptera X X X X X X X X v
Calanoida v v v v v v v v v
Ceratopogonidae X X 4 X X X X X X
Chironomidae v v v X X v v X X
Chydoridae v v v v v v v v v
Collembola v v v X X X X X X
Corixidae X X X X X X v X X
Culicidae X X v X X v v X v
Cyclopoida v v v v v v v v v
Daphniidae v v v v v v v v v
Dytiscidae X 4 X 4 4 X X X X
Hydrachnidiae 4 4 4 4 4 4 4 X 4
Hydridae v v v v v v v v v
Hygrophila 4 4 4 4 X X X 4 X
Micronecta v X X X v X v v X
Nematoda X X v X X X X X X
Notonectidae X X X X v X X v X
Oribatida v v X v X v X X X
Ostrocoda v v v v v v v v v
Rhynchobdellida X X X X X X X 4 X
Rotifera v v v v v v X v X
Veliidae v X v X X v v v v
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Appendix 2. List of invertebrate taxa (zooplankton and macroinvertebrates) found in the presence of

Potamogeton ochreatus (native), Cabomba caroliniana (invasive) and controls (no plants) in mono-culture and
co-culture settings during three different seasons. (Experiment 2, chapter 3).

Spring

Invasive

Native

Summer

Autumn

Invasive

Native

Invasive

Native

Mono-culture setting

Calanoida
Chironomidae
Chydoridae
Collembola
Corixidae
Culicidae
Cyclopoida
Daphniidae
Hydrachnidiae
Hydridae
Hygrophila
Micronecta
Oribatida
Ostrocoda
Rhynchobdellida
Rotifera
Veliidae

Co-culture settings

Bivalvia
Calanoida
Chironomidae
Collembola
Corixidae
Culicidae
Cyclopoida
Daphniidae
Hydrachnidiae
Hydridae
Hygrophila
Oligochaeta
Oribatida
Ostrocoda
Rotifera
Veliidae

AL RARARAX AR AX AKX

LARAX XA AR X

XAX AAX X A AXxX KKK

LARAX XA X KX

AP SN NN VA Y U N N T N NN

AN N NN N Y N N R T N NN

LAX LARAX X AL X X x AKX

LA X AR X x KX

LAX LARAX X AL X X x AKX

LARAX XX AIX AAX X x (KX

XAX AX XX AX A A xX XXX

LARAX XA X x (KX
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