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Abstract

The release of biological control agents into the environment is inherently risky: assessment
of those risks through on-going, post-release monitoring is very important. Herbivores have
the potential to inflict multiple impacts on a host plant’s performance and reproduction.
Previous research demonstrates that the effects of herbivory on plants include changes to plant
architecture, biomass allocation, flowering time and reproductive success, to list a few.
Moreover, when herbivory significantly impacts the population ecology of a dominant
community member, other species can be indirectly affected, ultimately influencing plant
community ecology. Here | describe an investigation into the impacts of two introduced
herbivorous biological control agents: the leaf beetle Galerucella calmariensis (Coleoptera:
Chrysomelidae), and the flower-feeding weevil, Nanophyes marmoratus (Coleoptera:
Brentidae) on several characteristics of the host plant species, invasive purple loosestrife
(Lythrum salicaria), and its surrounding community. | collected data on 18 invaded
communities from around eastern Ontario, including information on feeding damage and the
density of each species of biological control, along with data on purple loosestrife’s height
and biomass, inflorescence length, inflorescence number and fruit production. The history of
each site’s colonization by Galerucella was also considered. | discovered that the density of
both Galerucella and Nanophyes at a site was negatively associated with Lythrum fruit
production. However, herbivore density was not significantly associated with Lythrum
biomass, height or the species richness of the surrounding plant community. This study,
conducted 20 years after the initial Ontario release of Galerucella, demonstrates that although
vegetative traits of Lythrum do not appear to be significantly impacted by the presence of
Galerucella or Nanophyes, reproductive traits are. Twenty years is likely too short a time

period to adequately assess the impacts of the release on community species richness,



although my data indicate that communities with smaller Lythrum plants tend to have higher
species richness. This study covered a small geographical area and data collection was

conducted for a single season only; adding additional years and/ or sites is recommended.
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CHAPTER 1: General Introduction and Overview
Biological Control of Invasive Species

Invasive species are both economically and ecologically detrimental; estimates have
put their cost to the North American economy in the range of billions of dollars annually
(Mack et al. 2000, Pimentel et al. 2005, Colautti et al. 2006). Once established, the total
eradication of an invasive species is unlikely (Crawley 1989, Syrett et al. 2000), but
management may be possible. In an attempt to make invasive species management less costly
and more self-sustaining, biological control agents have been included in and have even
replaced traditional management plans or strategies in many parts of the world (Mason and
Gillespie 2013). Classical biological control involves the introduction of a natural enemy or
enemies (i.e., predators and herbivores) from the invasive species’ native range, and has been
applied in North America for decades (Mason and Huber 2002, Pearson and Callaway 2003,
Mason and Gillespie 2013), although it involves inherent risks (Howarth 1983, Secord and
Kareiva 1996, Cory and Myers 2000, Simberloff and Stiling 1996, Carson et al. 2008,
Simberloff 2011). In naively assuming to understand the all of the potential ecological
impacts of the introduced biological control agents, there have been several infamous
examples of serious failures (e.g., the release of the Indian mongoose on Caribbean Islands to
control rats (Pimentel et al. 2005), and the release of the cane toad in Australia to control a
sugar cane larval pest (Doody et al. 2009)). However, there are also success stories where
biological control has apparently been able to mitigate the impacts of invasive species (see
DeBach and Rosen 1991, Mason and Huber 2002, Mason and Gillespie 2013). Indeed,
success stories such as the control of tansy-ragwort, diffuse knapweed and Klamath weed by
introduced herbivores (McEvoy et al. 1991, Bellows 2001, Jensen et al. 2002, Myers et al.

2009) are not uncommon. That said, the success of these programs is difficult to measure



(Syrett et al. 2000, Headrick and Goeden 2001, Myers et al. 2009). One issue is that it is
difficult to determine at what point we should consider an invasive species 'managed’. Related
to this, there is uncertainty surrounding the length of time monitoring (and funding for
monitoring) of the impacts should be required post-release.

Factors that may contribute to a species’ propensity to become invasive have often
been described (e.g., Strauss et al. 2006, Lau 2008, van Kleunen et al. 2010, Bennett et al.
2011) along with theories about what drives invasiveness, such as the evolution of increased
competitive ability hypothesis (EICA) (Blossey and Nétzold 1995), and the enemy release
hypothesis (ERH) (Keane and Crawley 2002). Biological control programs rely on the ideas
outlined in these hypotheses. The EICA and the ERH both hinge on the idea that introduced
species may experience a competitive advantage in the absence of their natural enemies (i.e.,
specialist predators, herbivores, parasites, parasitoids). This advantage may enable introduced
species to establish and eventually become invasive (Crawley 1986, Thompson et al. 1987,
Lawton and Brown 1986, Malecki et al. 1993, Blossey and N6tzold 1995, Williamson 1996,
Williamson, M. and A. Fitter. 1996, Keane and Crawley 2002, Wolfe 2002, Muller-Schérer et
al. 2004), outcompeting native species for resources such as nutrients, space, light and
pollinators (Brown and Mitchell 2001, Bjerknes et al. 2007, Chun et al. 2007, King and
Sargent 2012). The goal of classical biological control is to reduce this competitive advantage
of an invasive species by reintroducing specialist predators from its native range.

Nationally, biological control agents are regulated by the Canadian Food Inspection
Agency, under the Plant Protection Act (1990) and the Pest Control Act (2002), to ensure
safety and quality (Mason and Gilllespie 2013). Before their approval, biological control
agents are typically assessed by taxonomists, ecologist and experts in biological control for

several attributes including climatic compatibility, host specificity, feeding preference as well



as the potential for multi-species interactions, including the displacement of, or inter-breeding
with, native species (Blossey et al. 1994a, Blossey et al. 1994b, Ruesink et al. 1995, Lindgren
et al. 2002, van Lenteren et al. 2006, Mason and Gillespie 2013). Depending on the agents’
feeding and reproductive ecology, combinations of more than one species may, or may not, be
advisable (Denoth et al. 2002). Ideally, the characteristics of the target invasive species
should also be taken into consideration when deciding if it is a logical candidate for biological
control (Paynter et al. 2012). As all organisms coexist and interact with a myriad of other
species in inherently complex ecosystems, potential interactions between the biological
control agents and other species should be taken into consideration (Miller and Travis 1996,
Brody 1997, Strauss and Irwin 2004, Poveda et al. 2005, Strauss et al. 2006, Swope and
Parker 2010, Jones and Gomulkiewicz 2012, Swope and Parker 2012). However, even if
select pair-wise interactions are studied, it is not possible to study or even to foresee all future
interactions. In addition, the effects of one organism on a target species may be heightened or
reduced due to the presence of, or the interactions with, additional enemies, or even
mutualists, in the community (Ehler and Hall 1982, Ferguson and Stiling 1996, Morris et al.
2007, Barber et al. 2012). Furthermore, once in its new environment, evolved changes in
either the agent or the invasive may lead to unexpected outcomes. Nevertheless, more than
400 species of invertebrates have been approved for use as biological control agents in
Canada, most being entomophagous (i.e., for the control of insect pests) and the remaining
22% being herbivorous (Mason and Gillespie 2013).
Effects of Herbivory

Herbivory has the potential to impact plant fitness both directly and indirectly. For
example, herbivores can affect the overall growth and architecture of the host plant (Grange

1990, Karban and Strauss 1993, Schat and Blossey 2005) as well as the allocation of



resources to above- or below-ground growth (root:shoot biomass allocation) (Karban and
Strauss 1993, Notzold et al. 1998, Hunt-Joshi et al. 2004). Root-feeders can limit the amount
of nutrients and water reaching the above-ground portion of the plant, resulting in the a
variety of responses (Brown and Grange 1989, Brown and Grange 1990, Muller-Schérer and
Brown 1995, Hunt-Joshi et al. 2004), including increased susceptibility to additional
herbivores and pathogens (Master et al. 2001). Sap-suckers can induce similar results (Vranjic
and Gullan 1990, Hamback 2001). Foliage—feeders reduce plant performance by altering
growth rates, biomass allocation and photosynthetic rate as leaf material is grazed (Grange
1990, Zangerl et al. 2002, Hunt -Joshi et al. 2004). Herbivory can also affect a plant's
reproductive biology (Quesada et al. 1995, Mutikainen and Delph 1996, Lehtild and Strauss
1997, Poveda et al. 2003, Pellegrino and Musacchio 2006, Hladun et al. 2009), pollination
rates (Agren 1996, Lehtild and Strauss 1999, Strauss et al. 2001), lifespan and/ or likelihood
of survival (Rausher and Feeny 1980, Strauss 1991, Doak 1992, Brody 1997).

Herbivores can also directly influence plant fitness by feeding on the reproductive
structures themselves. For example, flower-bud grazers may delay or prevent the plant from
reaching the reproductive stage (Blossey and Schat 1997, Mason and Huber 2001), and
flower- or seed-feeders may directly reduce seed or fruit set by ingesting reproductive
structures (Meyer 1993, Brody 1997, Lehtild and Strauss 1999, Barber et al. 2011).
Herbivores may also influence fitness indirectly, for example, by causing flowers to have a
degraded appearance that results in lower rates of pollination (Karban and Strauss 1993,
Mothershead and Marquis 2000, Hamback 2001, Suéarez et al. 2009, Jordan and Harder 2006,
Halpern et al. 2010). Furthermore, induced chemical defenses found in pollinator rewards
(pollen and nectar) can alter pollinator visitation (Irwin et al. 2004).

Research that examines the outcome of the effect of more than one herbivore species



on a system is important as it sheds light on the effects of the herbivores in each other’s
presence and the potential interactions between them (Morris et al. 2007). Study systems
include plant populations with spatially-segregated herbivores, (i.e., above and below-ground
herbivores on the same plant species) (Grange and Brown 1989, No6tzold et al. 1998, Maron
1998, Brown and Grange 1990, Masters et al. 2001, Poveda et al. 2003, Hunt- Joshi 2004,
Barber et al. 2012), or alternatively, herbivores that share plant resources (Myers 1985, Meyer
1993, Blossey 19953, 1995b, Denno et al. 1995, Myers et al. 2009). There is a growing body
of research to suggest that the presence of one herbivore can impact the way that another
herbivore affects a host plant (Grange and Brown 1989, No6tzold et al. 1998, Poveda et al.
2003, Strauss et al. 2006). Biological control programs introduce more than one species of
herbivore in the hopes that the biological control agents will either operate synergistically
(Ehler and Hal 1982, Wilson et al. 2004), or at least increase the likelihood of getting the
‘right” agent into the system (Myers 1985, Denoth et al. 2002).

This study explores the independent effects of two above-ground, herbivorous
biological control agents, as well as their potential interactions, on the growth and
reproduction of the invasive plant purple loosestrife (Lythrum salicaria, hereafter Lythrum), in
addition to the diversity of the surrounding plant community. The findings of this study shed
light on the degree to which the Ontario biological control program has contributed to the
management of Lythrum, which is known to be economically and environmentally costly, as
well providing tools to improve the general understanding of biological control effectiveness

and the ecological effects of species introductions.

Study Species

Lythrum was introduced to North America from Eurasia in the early 1800’s (Stuckey



1980). On several occasions, likely through ballast waters sourced from European marshes,
Lythrum plant roots and seeds were unloaded into North American harbors (Stuckey 1980,
Thompson et al. 1987). These multiple introductions could have increased the available
genetic variation (Dlugosch and Parker 2008, Jones and Gomulkiewicz 2012), potentially
contributing to Lythrum’s successful establishment and invasion of North America. Lythrum
plants spread along rivers and smaller waterways, sometimes establishing very dense stands.
Lythrum was originally reported to have the potential to cause serious and negative effects on
wetlands due to its capacity to alter landscapes and reduce biodiversity (Stuckey 1980,
Blossey and Skinner 2001). Lythrum reproduces both asexually and sexually, capable of
producing millions of seeds per plant (Thompson et al. 1987). These highly productive plants
can produce several stems of up to 2.7 m in height (Thompson et al. 1987, Mal et al. 1992,
Blossey 1995a), over a kilogram of biomass and 100 stems per m? (Albright 2004) and
inflorescences can cumulatively measure over 1000 cm per plant (Blossey and Schat 1997).
The dense perennial rootstock and essentially unlimited seed bank (YYakimowski et al. 2005,
Myers and Risley 1999), in addition to the thick layer of dead stems that can persist
undecomposed for years, prevent the regrowth of other plant species (Grout et al. 1997,
Blossey and Hunt-Joshi 2003). This combination of traits contributes to the formation of
dense monotypic Lythrum stands and makes its eradication virtually impossible and its
management an ongoing challenge.

The actual extent of the impacts of Lythrum on North American ecosystems remains
unclear (reviewed in Corrigan 2006, Farnsworth and Ellis 2001). Some research suggests that
it can easily out-compete native wetland plants (Stuckey 1980, Gaudet and Keddy 1988, Mal
et al. 1997, Weihe and Neely 1997), reducing species diversity (Thompson et al. 1987,

Blossey and Skinner 2001, Hovick et al. 2011). Other research shows that Lythrum does not



have a competitive advantage with respect to native plants (Houlahan and Findlay 2004,
Denoth and Myers 2007) and that its presence has no impact on species diversity (Treberg and
Husband 1999, Hager and Vinebrooke 2004, and reviews by Anderson 1995, Hager and
McCoy 1998, Lavoie 2010).

Prior to the 1990s, various eradication and management strategies, including the use of
fire, herbicides, mowing, flooding and mechanical removal were used against Lythrum in
North America (Malecki and Rawinski 1985, Thompson et al. 1987, Malecki et al. 1993).
When these failed, or were deemed unsustainable, an alternative approach was sought. A
North American biological control program for Lythrum was initiated in the early 1990’s with
the approval of two leaf beetles, Galerucella calmariensis and G. pusilla, along with two
weevils, the root-feeder Hylobius transversovittatus and the flower-feeding Nanophyes
marmoratus (Lindgren et al. 2002). The expectation was that the separate species would feed
on distinct portions of the plant, thereby maximizing management capacity (Wilson et al.
2004, Blossey 1995, Blossey and Schroder 1993). Within a year of approval, the biological
control agents were released in different quantities and combinations in Lythrum invaded
communities all over North America (Blossey 1993, Malecki et al.1993, Hight et al. 1995,
Blossey, Skinner and Taylor 2001). In Ontario, the two Galerucella species were released on
several occasions and in great numbers (Figure 1.1) along with a few releases of the root-
feeding weevil (not thought to have established) (Corrigan et al. 1998, Lindgren et al. 2002)
as part of a biological control program initiated by the University of Guelph and the
provincial government (Ontario Ministry of Natural Resources) (Malecki et al. 1993, Hight et
al. 1995, Blossey et al. 2001).

All life stages of Galerucella calmariensis (herafter Galerucella) are easily spotted.

This species is the more successful of the two released species of Galerucella, and thus most



commonly encountered, and the only one present in my sites. Adults emerge in the spring
after overwintering in the leaf litter in Lythrum populations. They mate and lay eggs in groups
of 5-7 on Lythrum leaves (Blossey 1995). The first larval instars often feed on the
meristematic tissue of the plant’s apex, halting that stem’s terminal growth and inducing
branching (Corrigan et al. 1998, Schat and Blossey 2005). Later instars feed on young and
mature leaves, as well as the outer layers of the stem. Galerucella pupate in the leaf litter, the
adults arriving 30-40 days after eggs are seen. These leaf feeders are known to reduce the
plant’s photosynthetic area, performance, height, stem and root biomass (Blossey and Schat
1997, Landis et al. 2003) and seed production (Katovich et al. 2001). At very high levels (> 2
larvae/ cm stem) Galerucella can completely defoliate plants (Blossey 1995). Their tendency
to aggregate facilitates mate and/or host finding (Grevstad and Hertzig 1997). However,
because of this tendency;, it is common to find Galerucella on less than half of Lythrum plants
in a population, even in heavily populated sites (Blossey 1995, McAvoy et al. 1997, Dech and
Nosko 2001). Although Galerucella tend to be fairly sedentary (Albright 2004), they have
also been reported to disperse long distances (Grevstad and Hertzig 1997, Boag and Eckert
2013).

Nanophyes marmoratus (herafter Nanophyes) were never officially released in Ontario
(Lindgren et al. 2002). This was largely due to the fact that they had not been available early
on in the history of the program, and once available the program had already begun showing
signs of success with Galerucella beetles (J. Corrigan pers. comm.). In areas where
Nanophyes have been released (the closest being in the northeastern United States and
Manitoba (Lindgren et al. 2002, VanDriesche 2002)), they are generally known to
successfully establish and be strong dispersers, often spreading in a northeastern pattern,

facilitated by the prevailing winds (Ferrarese and Garono 2010). Presumably for these



reasons, Nanophyes can now be found in several sites in Ontario and Quebec (Douglas 2013,
St. Louis 2013), where they were never officially released.

Nanophyes is an easily identified weevil. It is univoltine and overwinter as adults,
appearing on Lythrum as early as late May in Ontario populations. These specialist weevils
feed on the youngest leaves in a distinct pattern, but move to the flower buds as soon as
possible. Here, they mate and feed on the inner parts of the developing flower (Blossey and
Schroder 1993). Towards the end of June and for the rest of the summer, eggs are laid singly
into the closed flower buds. The larvae eat the stamens and often the petals and ovary. These
buds do not flower but become filled with frass and are eventually aborted (Blossey and
Schroder 1993). When the second-generation adults appear in the late summer, they may feed

on foliage before overwintering.

Research Questions

The main objective of my thesis was to investigate the impacts of the original
biological control agent, Galerucella, on individual Lythrum plants and populations by
assessing the plants and their associated plant communities in several sites that have been
exposed to a range of herbivore activity. In monitoring the selected sites, the frequently
detected Nanophyes was noted and subsequently included in the project. This has given me
the opportunity to look at both herbivore species, their impacts on the target host, as well as
possible interactions they may have with one another. Specifically | asked:

1) Given that herbivory is often associated with a reduction in plant biomass and
height, and since Galerucella is known to feed primarily on developing leaves and shoots, do
we see an impact of Galerucella present day density and /or colonization history on Lythrum

productivity (plant height, biomass and leaf tissue)?



2) Given that the removal of leaves and plant reproductive structures via herbivory can
reduce overall fitness and that these herbivores (Galerucella and Nanophyes) are associated
with feeding on leaves and reproductive tissues of Lythrum, do we see an impact of either the
density and/ or colonization history of these herbivores on the reproductive output (i.e.,
inflorescence length and fruit production) of Lythrum?

3) Given that Lythrum is known as a strong competitor for space, light, pollinators and
other key plant resources, and that the presence of herbivores tends to reduce the competitive
ability of invasive plant species, do we do we see an impact of Galerucella present day
density and/ or its colonization history on the ‘recovery’ of the plant community (i.e., plant

community species richness)?
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CHAPTER 2: An assessment of the effects of biological control on Lythrum salicaria:
implications for plant performance (productivity and reproductive output) and

community species richness.

Introduction

Since exotic species are now being moved around the world more frequently than
ever, understanding their potential consequences is key. Each introduction has the potential to
result in serious economic and ecological consequences (e.g., Scotch broom, Kudzu vine,
Emerald ash borer, Asian longhorned beetle, Asian carp, and Zebra mussels, to list a few of
the more notorious cases). The effect of invasive, alien species on community biodiversity has
often been discussed and debated (Thompson et al. 1987, Mack et al. 2000, Levine et al.
2003, Myers and Bazely 2003, Davies et al. 2005, Melbourne 2007, Gaertner et al. 20009,
Pimentel 2005, Strauss et al. 2006, Thomas and Reid 2007, Gaertner et al. 2009, Powell et al.
2013). While most introduced species are likely innocuous (Davis 2003, Gurevitch and
Padilla 2004), those that do become invasive species can be the direct cause or ‘drivers’ of
biodiversity decline (Gordon 1998, Wilcove et al. 1998, Mack et al. 2000).

The invasiveness of a species depends on a variety of factors. Species that are
introduced multiple times are more likely to transition from ‘introduced’ to ‘invasive’,
possibly because there is a greater amount of genetic diversity available to enable the species
to adapt to local conditions (Gaertner et al. 2009, Jones and Gomulkiewicz 2012).
Furthermore, outside of its native range, a species may not be exposed to as many predator or
herbivore species, which may allow it to multiply and spread more rapidly than native species

(Keane and Crawley 2004, Stastny et al. 2005, Jogesh et al. 2008).
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The use of classical biological control against invasive plants typically involves the
introduction of specific known herbivores from the invasive plant species’ native range. This
IS a strategy that has been applied as a management practice in North America for decades
(Crawley 1989, McFayden 1998, Mason and Huber 2001, Pearson and Callaway 2003, Mason
and Gillespie 2013), in spite of the inherent risks involved (Howarth 1983, Secord and
Kareiva 1996, Cory and Myers 2000, Simberloff and Stiling 2006, Carson et al. 2008,
Simberloff 2011).

Herbivores (including foliage, flower and seed feeders), can have multiple negative
impacts on plant performance (Rausher and Feeny 1980, Louda et al. 1990, Karban and
Strauss 1993, Mutikainen and Delph, 1996, Gronemeyer et al. 1997, Krupnick and Weis
1998, Lehtila and Strauss 1999, Zamora et al. 1999, Strauss et al. 2001, Zangerl et al. 2002,
Poveda et al. 2003 Strauss and Irwin 2004, Sharaf and Price 2004, Pellegrino and Musacchio
2006, Hladun et al. 2009). These impacts on performance can, in turn, have negative impacts
on competitive ability, which can result in a reduction in competitive ability or depressed
recruitment (Malecki et al. 1993, Jensen et al. 2002). When herbivory alters the architecture
or size of a dominant plant in a community, there may also be indirect effects on the
surrounding plant community (Crawley 1989, Carson and Root 2000).

A common management practice is the release of multiple niche-segregated
herbivores at once, with the aim of reducing several aspects of an invasive plant’s fitness, the
hope being that the herbivores will act in an additive or synergistic manner (Harris 1985,
Malecki et al. 1993, Blossey 1995, Strauss 1991, Wilson et al. 2004, Barber et al. 2012).
Although pre-release research may provide adequate information to make informed decisions
(Ehler 2000, Mason et al. 2013), post-release factors can align in unique or unexpected

combinations, including those involving interactions among the introduced biological control

22



agents and other members of the ecosystem, including pollinators (Brody 1997, Lehtild and
Strauss 1997, Ohashi and Yahara 1998, Krupnick 1999, Mothershead and Marquis 2000,
Suérez et al. 2009, Barber et al. 2011, Russell-Mercier 2013). Thus, it is important to ensure
that post-release monitoring be included in biological control program, as it provides key
information on the long term effects of the release(s), both from a biological control and an
ecosystem integrity perspective (van Lenteren et al. 2006, Mason et al. 2013). Unfortunately,
post-release monitoring is often neglected or under-funded (Ding et al. 2006, Mason et al.
2013).

The success of a biological control program can be assessed in several ways (Syrett et
al. 2000), none of which are definitive. Some researchers have used a reduction in plant
reproductive fitness (McClay and De Clerk-Floate 2002) or host plant density to quantify
success (Huffaker and Kennett 1959), while others have applied the relatively higher standard
of an associated return of native plant species or increased community diversity (reviewed in
Farnsworth and Ellis 2001).

Overall, the 20 year-old Canadian biological control program for Lythrum has been
considered a success (Lindgren et al. 2002), although such opinions are based on few actual
quantitative studies (Myers and Denoth 1999, Denoth and Myers 2005, Dech and Nosko
2002), and/ or on unpublished evidence of Galerucella sp. behaviour and dispersal (Corrigan
et al. 1998, Ali and Verbeek 1999, Corrigan et al. 2013). The results of the ‘Ontario purple
loosestrife programs’ (which were mainly applied in the Southern part of the province) were
summarized qualitatively ten years after the introduction of the beetles (Corrigan 2006). As
the initial and subsequent releases of Galerucella sp. occurred on such a large scale and into
populations without collecting rigorous information on the Lythrum plant traits or the

surrounding communities, the ability to monitor their success was limited from the beginning.
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Here | describe a study designed to assess both the effect of present-day density of the
two biological control species Galerucella and Nanophyes, along with Galerucella
colonization history, on the productivity and reproductive output of Lythrum, and the
condition of the surrounding plant community. In particular, I was interested in the individual
and combined impacts of the leaf-feeding beetle Galerucella and the flower-feeding weevil
Nanophyes, on the height, above and below-ground biomass, inflorescence length and fruit
production of Lythrum, in addition to the species richness of the plant communities in
Lythrum-invaded sites. During early June, late July and late September 2013, | surveyed 18
eastern Ontario populations (Figure 2.1), chosen to represent a spectrum of Galerucella
colonized populations, ranging from those that represent the earliest releases of Galerucella to
populations that have never been exposed to Galerucella. Since Nanophyes was released in
much lower numbers and far fewer locations in North America and because its post-release
monitoring has been inconsistent, there are few reports that include anything about its spread
or actual contribution to the management of Lythrum (e.g. Van Dreische et al. 2002, Piper et
al. 2004, Ferrarese and Garono 2010, Yeates et al. 2012, St. Louis 2013). Unfortunately,
because of this lack of information | was unable to also categorize the Lythrum populations
used in my study according to their Nanophyes colonization history.

| predicted that increased exposure to Galerucella (through either beetle density and/or
colonization history) would result in Lythrum plants exhibiting reduced above-ground
biomass or altered biomass partitioning as well as reduced reproductive success (i.e.,
inflorescence length and fruit production). In addition, once I discovered the Nanophyes
weevil in several of my sites, | became interested in studying its effects on Lythrum, and how
those might interact with the presence of Galerucella. Finally, I assessed whether there is

evidence to suggest that the introduction of biological control could result in a recovery of the
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species richness of the invaded plant communities in my study.

My thesis work is designed to be a scientific assessment of the impacts of the
biological control program established to for Lythrum in Ontario. Proper assessment is
critical to determine whether the release program has met its goal of controlling the spread
and impact of Lythrum in Ontario’s wetland communities. Moreover, the presence of an
unexpected, additional herbivore species in this system provides an opportunity to explore
how the presence of multiple biological control agents (or this particular combination of

species) has impacted the productivity and reproductive output of Lythrum.

Methods
Ontario’s Lythrum Biological Control Program

Between 1992-1999, mating pairs of Galerucella sp. were released or redistributed
into each of more than 200 heavily invaded Lythrum sites across Ontario (Figure 1.1). The
releases were focused on the southwestern part of the province, with select northern and
eastern sites (where my study was based). Over 320,000 beetles (of all life stages) were
released in total (Corrigan et al. 1998, Lindgren et al. 2002, Corrigan 2006). Most of the
Ontario releases were organized and well documented (such as those performed by the
University of Guelph and Ontario Beetles), but others, made by various organizations and
individuals, including Ducks Unlimited, the Ontario Federation of Anglers and Hunters
(OFAH), private landowners and concerned citizens (Corrigan 2006), may not have been.

Some release sites were quite isolated, reducing the likelihood of the beetle dispersing from

the site. However, other release sites, such as those placed along waterways and/or roadsides,

allowed beetles to migrate from the original release sites and into new and undocumented
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Lythrum populations. In the vicinity of my study populations, only G. calmeriensis were
released, and this was the only species of Galerucella detected in any of my study sites.

Lythrum plants are impacted early in the season with the emergence of adult
Galerucella beetles (Figure 2.2a) who mate and lay eggs in groups of 5-7 on Lythrum leaves
(Figure 2.2b) (Blossey 1995). The first larval instars feed primarily on new and meristematic
stem tissue, halting that stem’s vertical growth and inducing side branching and the
production of secondary inflorescences (Malecki et al. 1993, Blossey et al. 1994, Hunt-Joshi
et al. 2004, Schat and Blossey 2005). This change in architecture is associated with a delay in
flowering (Schat and Blossey 2005) that can affect interactions between Lythrum and its
pollinator community (Sharaf and Price 2004). Although Galerucella feeding can potentially
increase the number of inflorescences, it can also lead to a decrease in the overall
inflorescence length (Katovich et al. 2001, Schat and Blossey 2005), reducing the number of
flowers (Lindgren 1999, Katovich et al. 2001, Landis et al. 2003), fruits and seeds produced
(Katovich et al. 2001). Later instars feed on both young and mature leaves as well as on the
outer layers of the stem and can defoliate entire plants at high densities (>2 larvae / cm of
shoot, Figure 2.2c), severely reducing plant photosynthetic area (Blossey and Schat 1997,
Hunt 2002) as well as stem and root biomass (Blossey and Schat 1997, Dech and Nosko
2001).

The flower feeding weevil Nanophyes (Figure 2.2d, 2.2e) can now be found in more
than 23 widely dispersed Lythrum populations in Ontario and Quebec (Douglas 2013, St.
Louis 2013), although there were no documented releases in these provinces (Lindgren 2002).
In fact, there are only three documented Canadian releases, all in southern Manitoba (1997)
(Lindgren et al. 2002). When these weevils are released they are known to successfully

establish and be strong dispersers capable of crossing large expanses of open water (Ferrarese
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and Garono 2010), with the potential to disperse 100-300 km/year. Nanophyes found in our
sites are likely a result of dispersal from the closest releases in upstate New York and other
release sites in the northeastern United States (1994-2007) (Skinner 1996, Van Dreische et al.
2002). Nanophyes feed in the developing flowers, leading to a reduction in the number of
flowers on an inflorescence (Figure 2.2f).
Study Sites

Galerucella releases described by D. McKenzie (pers. comm.) and J. Corrigan
(OMNR 2006) were used to locate Lythrum populations that exhibited a range of herbivore
exposure and/or colonization history. Herbarium records from the Canadian Museum of
Nature and the Algonquin Provincial Park collections were used to locate additional
populations of Lythrum with no recorded history of Galerucella exposure. During the
summers of 2012 and 2013, a total of 24 sites in eastern Ontario (between Ottawa, Perth and
Algonquin park) were visited in order to determine their suitability for the study.
Subsequently, 18 sites were chosen (Figure 2.1) for the study based on their Lythrum
population size and Galerucella activity. To the best of my ability, sites were chosen to
minimize any association between geographic location and history of colonization. Selected
sites were a minimum distance of nine kilometers from one another and were within 0.5
degrees of latitude (Table 2.1) from one another to minimize latitudinal variation in
phenology (Montague et al. 2008). Herbarium records were used to confirm that the Lythrum
populations chosen had existed for at least twenty years (most have existed for much longer).

Of the 18 Lythrum populations selected, 12 of them have a known number of years of
Galerucella exposure (zero years or number of years from release date). Five sites were
classified as ‘Galerucella-free’ (GF), with no Galerucella or evidence of feeding damage

found; seven of the sites were classified as ‘early release’ (ER) with a range of 16 to 22 years
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of Galerucella exposure (Corrigan 2006, Norman et al. 2009); the remaining six were
classified as ‘intermediate colonization’ (IC), having evidence of active Galerucella but not
known as release sites (estimated at anywhere 1-15 years of Galerucella exposure). The
categories GF, IC and ER are collectively referred to as ‘colonization history’. The 18 sites
also vary in terms of their present-day Galerucella density (Table 2.2) and damage. Not
enough information on Nanophyes range or migration was available to do the equivalent
ranking of site history, and so only the present day density of Nanophyes at each site was used
as a variable in the analyses.

Data Collection

The goal of my study was to determine whether inter-population variation in
Galerucella exposure (either present-day or historical) is associated with significant
differences in the productivity (i.e., plant density, plant biomass) and reproductive success
(i.e., flowering density, fruit production) of Lythrum plants and/or the condition of the
surrounding community (i.e., species richness) of Lythrum-invaded communities in eastern
Ontario.

Surveys were performed on two separate occasions during the summer of 2013, in
early June and late July. I used a quadrat sampling method to measure Lythrum density and
the species richness of the plant community at each of the 18 sites. At each visit, | set up three
evenly spaced transect lines that ran longitudinally through the approximate center of the
Lythrum population. Along each transect, | placed five 0.25 m? quadrats (0.5 m by 0.5 m)
such that they were evenly spaced across the population. In each of the 15 quadrats, | counted
and identified (to at least genus) all individual plants (using Peterson and McKenny1996,
Newcomb 1977), including Lythrum. In addition, I measured the height as well as the number

and the total length of all inflorescences on a haphazardly selected Lythrum stem within the

28



quadrat. | also personally assigned a semi-quantitative damage rating (0-5) (following
Corrigan 2006, Grevstad 2006, Boag and Eckert 2013) to each stem. To determine present-
day Galerucella and Nanophyes densities, adult beetles were counted first to minimize
disturbance and flight, followed by egg masses and larvae (N.B. no Nanophyes eggs or larvae
were detected during any of the sampling periods). Each beetle of each life stage was given a
value of 1 in order to calculate total number of each herbivore species per stem. The presence
of apical damage was also noted (following Blossey 1995a, Corrigan 2006). Although |
recorded several other arthropod species on Lythrum (e.g., aphids, myrids, jewel beetles, other
weevils, flea beetles and juvenile lepidopterans including leaf-rolling caterpillars, gypsy moth
and wood nymphs) (as in Batra et al. 1986) in my study sites, none appeared to inflict visible
damage and were not included in the study. In July, the procedure was repeated, however, as
the plants were larger and more variable in size, the number of stems sampled was doubled
(from 15 to 30), to obtain a more precise estimate of beetle density. Thus, | added five
additional Lythrum stems per transect line, each located midway between adjacent quadrats.
In late September 2013, | collected twelve whole Lythrum plants from each site along
evenly spaced longitudinal transect lines (as described above). Although it was not possible to
collect plants from all sites on the same day due to travel time, all plants were bearing mature
fruit at the time they were collected. | also measured the height and number of stems per plant
at the time of collection. Once harvested, bagged and labeled, plants were returned to the
laboratory, where I cleared the roots of loose, dry soil and thoroughly washed them in order to
remove any clinging soil. Whole plants were then dried in paper bags in a drying oven at 72°C
for 24 hrs, as described in Bastolova and Kvet (2002). The dried roots, stems, leaves, and
infructescences (fruiting stems), were divided up and weighed to an accuracy of 0.001 g, as

described in Bastolova and Kvet (2002), in order to obtain dry-weight biomass measurements.
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| also counted and measured the infructescences and recorded the number of attached fruit on
each plant.
Response Variables

Plant productivity (Table 2.3) was measured as plant height (from ground level to the
tallest part of the plant) and the above-ground biomass. The shoot to root ratios were
calculated as the amount of above-ground biomass (stems, leaves and reproductive portions)
relative to the below ground biomass. The density of Lythrum stems was also considered.

Variables that | have used to describe reproductive success include the percentage of
plants flowering (plants were recorded as flowering if, during the July visit, the surveyed stem
had at least one open flower), as well as the number and total lengths of inflorescences per cm
of total plant height (in order to account for the inherent relationship between plant size,
beetle density and flower production (Lande and Arnold 1983) (Table 2.4). For plants
collected in September, I counted the number of fruit produced per plant and then calculated
the number of fruit per gram of above-ground biomass (again, to account for relationships
between plant size, beetle density and fruit production), as well as the number of fruit per cm
of infructescence length, a variable I will hereafter refer to as “fruit density’.

And finally, to assess the species richness of the surrounding plant community, | used
the average quadrat species richness (Table 2.5) at each site as well as the total number of
different species counted at each site. The number of plant families at each site is also
included in the analyses, in order to consider the fact that while sites may be species rich, the
richness may represent relatively few plant families.

Independent Variables
At each site, all Galerucella life stages per stem were added and averaged to obtain a

site-specific estimate of Galerucella density, this was done during both the June and July
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visits and these values were then averaged. Since Nanophyes adults were the only detectable
life stage, the average number found per stem during the July visit have been used for the site-
specific estimates of Nanophyes density (Table 2.2). The number of years since Galerucella
was first introduced (based on release data) was used to express the duration of the exposure
to the beetle at each site. For sites that were not originally part of the release program, I
estimated the approximate duration of exposure using the year and distance (km) from the
closest release site along with reported dispersal capability (9 km/yr) of Galerucella.

Colonization history and present-day Galerucella levels were also considered as
categorical variables. The colonization history was divided into sites that were deemed
‘Galerucella-free’ (GF), ‘intermediate colonization’ (IC) and ‘carly release’ (ER). The sites
were also categorized by their present-day Galerucella level: absent (0 Galerucella per stem),
low (> 0, <2 Galerucella per stem), and high (> 4 Galerucella per stem).
Statistical Analysis

All analyses were performed using the statistical software JMP Version 10 (SAS
2012). Unless indicated otherwise, ‘site’ is the unit of replication. Regression analyses were
used to examine the relationship between the continuous variable of present day herbivore
density (highly correlated with damage intensity (0-5), that was therefore omitted), and the
site averages for several continuous plant traits. These plant traits, both measured and
calculated, include: final plant height and biomass, the ratio of above to below-ground
biomass, the percentage of flowering plants, the number and lengths of inflorescences per
plant, number of fruit per plant as well as per gram of above-ground biomass (Table 2.3).
One-way ANOVAs were used to explore relationships among selected response variables

listed above and the two categorical variables for Galerucella, colonization history and
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Galerucella density levels. Testing for significant difference between pairs was done using a
Tukey-Kramer HSD test (o = 0.05).

Using the July data set, three mixed models were developed to test for relationships
between the density of the two species of biological control and the two reproductive response
variables (Table 2.6). All models included three fixed effects: ‘stem height” (known to be
strongly correlated both response variables), the number of each of the two herbivores
(Galerucella and Nanophyes) per stem (all continuous covariates) and ‘site’, which was
treated as a random factor. Additional parameters that distinguished the models included an
interaction term between the density of the two herbivores and an interaction term between
Galerucella density and Lythrum stem height. Model coefficients and AICc were estimated
using a restricted maximum likelihood (REML), mixed-modeling approach that allows for the
inclusion of a ‘random’ factor. Using the Akaike Information Criteria (AICc), the best model
(based on a compromise between number of parameters and explanatory power (Anderson et
al. 2001)) of the three was selected.

Several of the response variables included in analyses (i.e. stem density, number of
inflorescences and total length of inflorescences) were logio transformed in order to meet the

assumptions of parametric statistics (Quinn and Keough 2002).

Results
Site Characteristics

Geographical co-ordinates for the 18 sites are provided in Table 2.1, and a
corresponding map is provided in Figure 2.1. Table 2.3 summarizes several Lythrum
measurements for the 18 sites as means (x SE) and a table of Pearson correlation coefficients

among them can be found in Table 2.5.
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Nanophyes weevils were found at 14 sites and Galerucella beetles were found at 13
sites (Table 2.2). At the site level, the densities of the Galerucella adults and the Nanophyes
adults are correlated (F = 9.5787, df = 17, P = 0.0074). However, this is not the case if the
number of all Galerucella life stages (including egg masses and larva), are considered (F =
2.6738, df = 17, P = 0.1215). There was high variability in the number of leaf beetles and the
number of weevils per stem, and, where present, herbivores were generally found on less than
half of the stems surveyed in a population (average percentage of stems with Galerucella,
46% + 10%, average percentage of stems with Nanophyes, 24% + 4%). At the site level there
was a strong correlation between mean Galerucella density and the mean damage rating (F =
32.02, df =17, P <0.0001) (as in Schooler and McEvoy 2006). Although I have primarily
used Galerucella density (Table 2.2) in the analyses, these results may be compared to those
of prior studies which use the damage scale (e.g., Corrigan 2006, Grevstad 2006, Boag and
Eckert 2013). At no point did | find what Blossey and Schat (1997) refer to as ‘breakout
levels’ of > 2 Galerucella larvae/cm of stem.

Colonization history and present-day herbivore density

The number of years a site has been exposed to Galerucella was associated with
higher mean Galerucella density (F = 9.5548, df =17, P < 0.007) and damage rating (F =
22.50, df =17, P < 0.0002) (Figure 2.3). When | expressed Galerucella exposure as a
categorical variable | detected similar results (Figure 2.4). Early release sites (n = 7) had
significantly higher mean Galerucella density (F = 5.7340, df =1, 16, P = 0.0292) and
damage ratings (F = 10.33, df = 1, 16, P = 0.0054) than those that were not early release sites
(i.e., GF + IC, n = 11). When all three colonization categories are included in the model,
associations between colonization history, Galerucella density (F = 3.5922, df =2, 15, P =

0.0531) and damage rating (F = 6.9250, df =2, 15, P =0.0074) are clear.
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Plant Productivity

The analyses for plant productivity are all at the site level, using the fall data. A
positive trend was detected between mean stem height and both Galerucella density (F =
4.1413, df = 17, P = 0.0588) and Nanophyes density (F = 2.84, df =17, P = 0.1112, Figure
2.5). A similar pattern, but with no significant association, was detected between the (10g10)
mean above-ground biomass and Galerucella density (F = 2.7961, df = 17, P =0.1139) or
Nanophyes density (F = 2.5732, df = 17, P = 0.1282). There was a negative trend between
both the proportion of leaf biomass and Galerucella density (F = 3.1665, df =17, P = 0.0942)
as well as between the ratio of above to below-ground biomass and the densities of both
Galerucella (F = 4.3487, df = 17, P = 0.0534), and Nanophyes (F = 3.9804, df =17, P =
0.0634) (Figure 2.6). No association was detected between the density of Lythrum stems at a
site and Galerucella (F = 1.5569, df = 17, P = 0.2301), or Nanophyes density (F = 2.4009, df
=17, P = 0.1408).
Reproductive Success

| detected a significant, positive relationship between Galerucella density and the
number of inflorescences (per cm stem height), both at the site level where averages are used
(Figure 2.7a, F=6.3550, df = 17, P =0.0227) as well as in the mixed-model approach
(described above) where height is included as a fixed effect (Table 2.7). At the site level, there
was no significant correlation between Nanophyes density and the mean number of
inflorescences (per cm stem height), (Figure 2.7b, F = 1.9940, df = 17, P = 0.1771). Although
a positive correlation is found between site Galerucella density and number of inflorescences,
this does not translate into an associated increase in total length of inflorescences (per cm
stem height) (Figure 2.7c, F = 0.0034, df = 17, P = 0.9545). Similarly, there is no correlation

between Nanophyes density and total length of inflorescences (Figure 2.7d, F = 0.4815, df =
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17, P = 0.4977) at the site level. However, in the mixed model, both the number of
Galerucella per stem and the number of Nanophyes per stem remained significant covariates
in the ‘best fit” models describing both inflorescence length and number (Tables 2.6, 2.7).

At the site level, there was a strong negative association between mean Galerucella
density and the percentage of plants that were in flower during the July visit (Figure 2.8, F =
8.9828, df = 17, P = 0.0085). The percentage of plants flowering at a site was positively
correlated with the mean number of fruit produced per plant (Figure 2.9, F = 4.2594, df = 17,
P = 0.0556). The number of fruit produced per gram of plant biomass was negatively
associated with the densities of both herbivores (Figures 2.10a, b, Galerucella: F = 7.3905, df
=17, P = 0.0152 and Nanophyes: F = 11.4106, df = 17, P = 0.0038). Fruit density was
similarly influenced by herbivore density (Figures 2.10c, d, Galerucella: F = 16.6473, df =
17, P =0.0009, Nanophyes: F = 13.3014, df = 17, P = 0.0022,).

The independent variables were also expressed categorically as colonization history
and level of present-day biological control agents. These were used to explore patterns in
reproductive traits using one-way-ANOVA (Figure 2.11). The results are reflective of the
linear regressions. There was no significant association between the colonization history and
the number of fruit produced per gram of plant biomass (Figure 2.11a, F = 0.8893, df = 2, 17,
P =0.1076). When present-day Galerucella level is expressed as a categorical variable (i.e.,
absent, low, high), significantly fewer fruit are produced (per gram of plant biomass) in sites
classified as having ‘high’ Galerucella density, relative to intermediate and low (Figure
2.11b, F =7.5429, df = 2, 17, P = 0.0054, Tukey-Kramer’s test between pairs: absent vs. high
P =0.0595, low vs. high P = 0.0143).

Using the mixed-modeling approach described above, | investigated the possibility of

an interaction between the two biological control agents in terms of their effect on the
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reproductive plant traits inflorescence number and inflorescence length. Since Lythrum stem
height is known to be highly correlated with other plant traits (Table 2.5) it was included in
the mixed-model analysis to ensure that the size of the plant was taken into consideration
when evaluating the number and total length of inflorescences per plant (both of which are
positively correlated with plant fruit production). In Table 2.6, three candidate models for
each of the two response variables (the number of inflorescences per plant (A models) and
total length of inflorescences per plant (B models)) are presented with their AICc values.
From these models the ‘best’ were selected based on AlCc. Covariates that did not improve
the model were: an interaction between Galerucella density and stem height (models Al, B1),
and an interaction between the density of the two herbivores (models A1, A2, B1, B2). In each
of the two best-fit models (models A3, B3) the remaining fixed effects were stem height,
Galerucella density (all life stages) and the Nanophyes density (adults) on the stem (Table
2.6). The estimates (+ SE) of each of six parameters for the (logio) number of inflorescences
per plant (model A3) and the (logso) total inflorescence length per plant (model B3) are
presented in Table 2.7.
Species Richness

A total of 206 species of vascular plants were identified from the quadrat samples at
the 18 sites. Plant orders with the most members present include the Asterales (17) and Poales
(50). Occasionally, woody plants were found in the quadrats, including 13 tree species, the
most common being sumac, willow, maples and dogwood. The total number of plant species
per site (mean 38.17 + 2.26), the total number of plant families per site (mean 13.33 £ 0.70),
and the mean quadrat species richness (6.00 + 0.15) are reported in Table 2.5. At the site
level, | detected a negative, but non-significant association between the mean above-ground

biomass of Lythrum and quadrat species richness (F = 3.56, df = 17, P = 0.0778, Figure 2.12).
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No associations were detected between Galerucella density and total number of plant species
(F=0.0872, df =17, P = 0.7715), total number of plant families (F = 0.1886, df =17, P =
0.6699) or mean quadrat species richness (F = 2.0895, df =17, P = 0.1676). Similarly, there

was no association between colonization history and any of these measurements.

Discussion

Overall, my findings demonstrate that the present-day herbivore densities of two
biological control agents, Galerucella and Nanophyes, are associated with lower reproductive
success in Lythrum populations. However, there was no significant association between plant
productivity and the density of either of the two biological control agents. Additionally, there
IS no evidence that the presence of the two biological control agents has had any influence on
plant community species richness to date.

An expectation of classical biological control is that the released agents will establish,
reproduce, increase in number and eventually spread to other host-invaded areas without
assistance (Julien 1992, McFayden 1998). Furthermore, in the ideal scenario, while the
population of the biological control agent is increasing, it is expected to negatively influence
the fitness and performance of the targeted invasive species (e.g., through the suppression of
fruiting, flowering, shoot growth and reductions in above-ground biomass) (DeClerke-Floate
and Harris 2002). My findings suggest that Lythrum populations with a longer history with
the biological control agent Galerucella exhibit significantly more feeding damage (Figure
2.3), supporting this anticipated effect of a release program (as in Debach and Rosen 1991,
Albright 2004, Corrigan 2006, Boag and Eckert 2013).

Much of the research pertaining to the effects of Galerucella on Lythrum either pre-

dates the actual releases, is from research conducted quite early in the history of the program,
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or was performed in an artificial environment. One of the original motivations for a Lythrum
biological control program was to deal with the fact that it is difficult to chemically or
physically manage (Malecki and Rawinski 1985, Thompson et al. 1987, Wilcox 1989,
Welling 1990, Malecki et al. 1993) and thought to outcompete native species and reduce
biodiversity (Stuckey 1980, Thompson et al. 1987). Prior to the release of Galerucella and
Nanophyes, both were assessed to be specialist feeders with very little probability of host-
switching (Hight and Drea 1991, Kok et al. 1992, Malecki et al. 1993, Blossey et al. 1994).
Lythrum inflorescences have the potential to produce many seeds, but if the
inflorescences, or individual flowers, are damaged at any stage, fewer fruits develop on that
inflorescence (Katovich 2001, Van Dreische et al. 2002). Larval feeding on apical meristems
by Galerucella (often quite early in the season), known to induce lateral growth, (Blossey and
Schat 1997, Venecz and Aarssen 1998, Schat and Blossey 2005, Hunt-Joshi et. al. 2004), was
clearly visible in my study populations. Not surprisingly, | detected this induced change in
architecture as a positive association between Galerucella density and the number of lateral
inflorescences. I did not, however, detect a negative association between Galerucella density
(or exposure history) and stem height (as found by Grevstad and Hertzig 1997, Katovich
2001, Hunt-Joshi et al. 2004) or plant biomass (Quiram 2013), both of which are known to be
important competitive traits in Lythrum (Gaudet and Keddy 1988, Agren 1996, Mal et al.
1997). My finding of an association between Galerucella density and a reduction in the
percentage of plants flowering at a site is likely due to the feeding-associated change in
inflorescence architecture, which delays the first flowering (as in Benner 1988, Venecz and
Aarssen 1998). This delay can result in a reduced overall flowering period (Blossey and Schat

1997, Grevstad and Hertzig 1997), reproductive success (Rathcke and Lacey 1985) and, as
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observed, the number of fruit produced (per gram of biomass) (Blossey and Schat 1997, Schat
and Blossey 2005, Montague et al. 2008).

There is no existing literature on the history of Nanophyes in Ontario, and minimal
information could be found on the effects of Nanophyes as a biological control agent of
Lythrum. Additionally, because the study was not originally designed to disentangle the
influences of Galerucella and Nanophyes, it was impossible to assign the various findings to
one species over the other. With that in mind, my data are consistent with previous findings
about the effects of Nanophyes on Lythrum. For example, the presence of Nanophyes is
reported to be associated with premature flower drop and a reduction in seed production (Van
Dreische et al. 2002), along with reductions in the viable portion of inflorescence length (St.
Louis 2013). In addition to the impacts of Galerucella, the density of Nanophyes at a site was
also negatively correlated with Lythrum fruit production (number of fruit produced per gram
biomass) and fruit density.

Although feeding by Galerucella can cause intense defoliation (Blossey 1995), it does
not often do so on the majority of the plants within a population, and tends to reduce the
overall population’s total leaf biomass by only about 3.5-4.5% (Dech and Nosko, 2001).
Foliage-feeders can reduce a damaged plant’s photosynthetic ability (Zangerl et al. 2002).
New or established individual plants (native or naturalized), may take advantage of the space
opened up through feeding-induced canopy reduction, eliciting a community—level response
which may or may not result in an associated increase in community richness (Crawley 1989,
Carson and Root 2000, Hunt-Joshi 2004).

Some amount of herbivory can be tolerated and may even be (at least temporarily)
beneficial to plants (Harris 1974, Hendrix 1988, Lucas-Barbosa et al. 2013), inducing extra

branching and offering the potential for increased number of inflorescences, fruit and seeds
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(Benner 1988, Schat and Blossey 2005). However, defoliation thresholds are reported for
many plant species, below which an individual's performance is not significantly affected due
to a compensatory response (Hendrix 1988, Zehnder 1995, Kogan 1998, Pearson and
Callaway 2003, Jenner et al. 2010, De Clerk-Floate 2013). My research suggests that Lythrum
plants may be able to sustain a low level of Galerucella herbivory without a reduction in
reproductive output or loss of biomass. However, plants at sites with an average of more than
four Galerucella per stem produced significantly less fruit (per gram of biomass).

Plant biomass allocation may differ depending on the plant’s surroundings. Being
outside of its native range or simply encountering unfamiliar environmental factors can affect
the way plants invest their resources (Blossey and Kamil 1996, Edwards et al. 1998, Weber
and Schmid 1998, Bastolova and Kvet 2002, Stastny 2005). Although it has been suggested
that in Lythrum, root storage takes precedence over reproduction in areas with heavy
herbivory (Blossey and Schat 1997), | did not find any evidence to support this.

In my study, the adult density of the two species of biological control agents was
correlated, making it difficult to assign effects on Lythrum to one or the other. It is possible
that the impacts of the two biological control agents are mediated through different feeding
strategies, and that their impacts could be additive or even synergistic. Nanophyes directly
destroys individual flowers on inflorescences (Van Dreische et al. 2002, pers. obs.), without
decreasing their length, while feeding by Galerucella changes plant architecture and delays
the flowering (Schat and Blossey 2005). The flowers that emerge later may or may not set
fruit before the end of the season due to low temperatures or pollen limitation. Thus, the
change in architecture results in an increase in the number of inflorescences without
necessarily increasing the overall reproductive output (supported by Katovich (2001)).

Assessing the impacts and potential interactions between species can help with decision-
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making around the potential release of multiple biological control agents (Louda et al. 1993,
Denno et al. 1995). In my study, no interactions between the density of Galerucella and the
density of Nanophyes per stem were detected in terms of the number of inflorescences or total
length of inflorescences produced per plant. However, as my study was not designed in such a
way that the effects of these two species could be examined independently, I cannot be certain
that the effects of herbivory are due solely to one species of biological control over the other.

The application of multiple herbivores in biological control raises ecological and
ethical questions about the potential for unanticipated interactive effects among the herbivores
that could either reduce (Masters et al. 2001) or increase (Malecki et al. 1993) the
management impact. The program to control invasive toadflax species (Linaria vulgaris and
L. dalmatica), for example, included the release of multiple herbivorous agents (De Clerk-
Floate and Harris 2002, McClay and De Clerk-Floate 2002) but the success of the program
has been attributed to only three (De Clerck-Floate, R. and H. Carcamo. 2011, De Clerk-
Floate and Turner 2013). An important difference between these two species of Linaria and
Lythrum is the number of flowering shoots that develop. Linaria has only one main flowering
shoot, that, once damaged, fails to flower making this species well-suited for biological
control, whereas Lythrum can produce many inflorescences even when damaged.

The implementation of a biological control program involves a great deal of research,
money, time and risk management planning. Funding for these programs is mostly allotted to
the first steps, with little support remaining for post-release evaluations (Ding et al. 2006).
The release of biological control agents into a new environment cannot be undone and should
be monitored thereafter. The challenge is to determine what indicators to record, and for how
long, in order to assess the success of the program. Sometimes a reduction in the stem

number, or reproductive output or biomass (Debach and Rosen 1991, Jensen et al. 2002,
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Mason and Huber 2002) of the invasive plant might be used, while other times changes in
biodiversity might be used to benchmark success of a biological control program (Blossey et
al. 2000, Albright 2004, Grice 2004, Hulme 2006). Regardless, these assessments require
repeated measures over time and a commitment to the program.

Early concerns about the potential for Lythrum to reduce floral and faunal biodiversity
(Stuckey 1980, Thompson et al. 1987, Blossey and Skinner 2001) were highlighted by public
outreach pamphlets (e.g., such as those produced in 1993 by Ducks Unlimited and The
Canadian Wildlife Federation), but the actual risk of these outcomes has been debated
(Anderson 1995, Treberg and Husband 1999). The negative association between Lythrum size
(above-ground biomass) and species richness reported here supports other research indicating
that the presence of Lythrum is associated with reduced plant diversity (Thompson et al. 1987,
Blossey et al. 2001, Farnsworth and Ellis 2001, Hovick et al. 2011). However, since | have no
information on the plant community composition prior to Lythrum invasion and subsequent
Galerucella releases, it is not possible to draw conclusions about changes in my sites over
time. Although Albright et al. (2004) reported an increase of almost five plant species/m? over
two years as a result of increased Galerucella feeding, no associations were detected between
higher Galerucella activity or length of exposure and species richness across my sites (similar
to Hunt-Joshi et al. 2004). Even if herbivores successfully reduce Lythrum’s ability to
compete, it would likely take several years before a detectable increase in plant richness is
found (Carson and Root 2000, Denoth 2004).

A rebound in plant community diversity requires not only that the biological control
program sufficiently reduce plant biomass/competitive ability in order to allow for new plant
establishment but also that there is recruitable plant material available. Different habitat types,

plant taxa and plant growth forms are variably susceptible to alien plant invasion (Doak 1992,
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Lau 2006, Gaertner et al. 2009, Brody and Irwin 2012). Because of this, particular
characteristics of an invasive are not necessarily intrinsically tied to biodiversity decline
(Davis et al. 2011, Sax and Gaines 2003, Gaston 2010, Vila et al. 2011). Isolated sites, such
as those on islands or in urban settings, may have a more difficult time recruiting native plants
than those with intact ecosystems nearby. Moreover, it is more likely that species with weedy,
or r-selected traits such as high seed production and wind dispersal will be recruited over
those representative of the ‘pre-invaded’ community (Lawton and Brown 1986, Sax and
Brown 2000). Indeed, it is often found that one invasive plant species is simply competing
with another (Huffaker and Kennett 1959). For example, at my study site, Jebb’s Creek,
where a swathe of Lythrum was mowed over the course of the summer, wild parsnip
(Pastinaca sativa, an invasive and toxic plant) replaced it as the dominant species.
Interestingly, the introduction of exotic species may act to increase species richness (Treberg
and Husband 1999, Sax and Gaines 2003). Thus, it is perhaps not too surprising that it is
difficult to make strong conclusions about the influence of a biological control release on
species richness at my sites.

Assessing a site’s history with the two species of biological control was challenging
for a number of reasons. First, the number of Galerucella individuals released at different
sites over the years was not consistent, nor were the details of a release consistently recorded
(i.e., numbers released, exact locations, information on re-distribution or established
populations). Second, no information is available about the history, presence and impact of
Nanophyes in Ontario over the last ten years due to lack of monitoring (i.e., especially after
Corrigan 2006). Last, local adaptation to herbivores and other environmental conditions could
influence the evolution of ecotypes that may in turn influence the relationships between

herbivory and plant traits (Ehler et al. 2004, Miller-Schérer et. al 2004). If present, this type
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of adaptation could make it difficult to compare sites in terms of the influences of herbivory.

Optimally, biological control programs should continue the monitoring process over
the long term, even in cases where a program has been deemed a success, because of the
potential for changes in the biology of the system over time (Mason and Gillespie 2013). In
addition, it is important that population information for the target plant species and the
surrounding plant community be monitored and reported, in addition to the data on insect
feeding that is typically collected. Several Canadian biological control programs, commonly
referred to as successes based on the establishment and spread of the agents, were reviewed
by Mason and Huber in 2002; for example, the control of Centaurea diffusa (diffuse
knapweed) (Bourchier et al. 2002a), Euphorbia spp. (leafy and Cypress spurge) (Bourchier et
al. 2002b), Linaria spp. (Yellow and Dalmatian toadflax) (DeClerke-Floate and Harris 2002,
McClay and De Clerk-Floate 2002), Hypericum perforatum (St. John’s wort, Klamath weed)
(Jensen et al. 2002) as well as Lythrum (Lindgren et al. 2002). A decade later, an additional
update to these same programs was delivered by Mason and Gillespie (2013), they reported
that for several programs previously found to be thriving, the success either took longer than
expected to develop, was patchy, or involved agents that were slow to establish outside the
release area or were limited in their ability to control a quickly spreading target host species
(Bourchier and Van Hezewijk 2013a, Bourchier and Van Hezewijk 2013b). There were also
concerns about the actual taxonomic identity of some of the original releases (i.e., taxonomic
error was recently revealed by more modern genetic analysis) and the need in some cases for
biological control agent supplementation (De Clerk-Floate and Turner 2013, De Clerk-Floate
and McClay 2013). Mason and Gillespie (2013) include recommendations for long-term

monitoring and further improvement of biological control programs based on an increased
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understanding of the genetic diversity of both the host species and introduced biological
control agents.

Without continued monitoring of biological control programs there is the real potential
to miss important developments and possibly exaggerate or fail to accurately assess the
magnitude of the success or the plant responses (Agrawal and Kotanen 2003). To determine
whether the Ontario Lythrum biological control program actually reduced sexual reproduction
and stem density and/or lead to an increase in local plant biodiversity, a long term monitoring

program is recommended.

Conclusions

The results of my field study indicate that the present day density of two biological
control agents, Galerucella and Nanophyes, directly affects Lythrum reproductive output; this
is consistent with reports dealing with other sites or laboratory trials (Blossey and Schat 1997,
Katovich et al. 2001, Van Driesche et al. 2002, Landis et al. 2003, Schat and Blossey 2005).
This information should be considered when planning future releases of biological control
agents to the system (as in Jenner et al. 2010).

Although the impacts of the two herbivores detected in this study may have
contributed to a reduction in Lythrum’s competitive advantage by reducing the fruit produced
and thus seeds that enter the local seed bank (or disperse to new areas), this may not
necessarily translate into a reduction in population size. Since a single Lythrum plant has the
capacity to produce such a large number of seeds in a single season, a reduction in flowering
in a proportion of the population may not work to manage populations or assist in the
recovery of the native plant community. It has been suggested that extensive, continuous

feeding damage over a period of time is required in order to expect a decline in year-to-year

45



recruitment (Powell 1988, Blossey and Schat 1997, Strauss 1991, Karban and Strauss 1993,
Denoth and Myers 2004).

While my study was originally designed to understand the impacts of Galerucella, the
discovery that many of my sites were colonized by a second biological control agent
(Nanophyes), offered the opportunity to explore the impacts of two introduced herbivores on
their intended host species and the surrounding plant community (as in Strauss and Irwin
2004, Poveda et al. 2005, Swope and Parker 2010, Swope and Parker 2012). However, as the
adult site density of the two biological control agents was positively correlated, it was not
possible to assess the impacts of either herbivore separately. Future research efforts could, for
example, intentionally exclude or introduce one of the biological control agents, either at the
site level or within a site, in order to experimentally manipulate their individual impacts.
Otherwise, a longer-term study would allow a researcher to assess the separate herbivore
densities in advance and make site selections based in this information. Future studies should
also collect more information on site conditions (e.g., soil nutrients, soil moisture, aspect,
light conditions, etc.) in order to better understand, and possibly control for, the influence of

site variability in these factors.
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Table 2.1: Names, codes and coordinates of study sites.

Site Coordinates
Name Code Latitude Longitude
Deep River DPR 46.0790 -77.4790
Algonquin Park #1 (Lookout) LOO 45.5811 -78.4057
Matawachen MAT 45.2031 -77.2248
Algonquin Park #2 MOO 45.5427 -78.6657
Highway X POR 45,3635 -77.6901
Albion Rd. ALB 45.3156 -75.6209
Deacon DEA 45.6025 -77.3907
Roger Stevens Dr. ROG 45,0321 -75.8882
Russel Rd. RUS 45.3729 -75.4692
Westmeath WES 45.7980 -76.8890
Whitney WHI 45.4926 -78.2165
Glen Tay GLE 44,8833 -76.3000
Jebb’s Creek JEB 44,8571 -76.1792
Kempville KEM 45.0220 -75.6876
Lombardy LOM 44.8070 -76.0908
Numogate NUM 44,9500 -75.9833
Pakenham PAK 45.3333 -76.2833
Pembroke PEM 45.8389 -77.1590




Table 2.2: The number of years each site has been exposed to Galerucella, how it has been classified categorically and the
mean (= SE) site Galerucella density and Nanophyes density from each visit (June and July).

Years of Galerucella Herbivore Density (no. / stem)
Site Galerucellla Colo_nization Galerucella Galerucella Galerucella Nanophyes Nanophyes
exposure History (n=15) (n=30) June + Julgl (n=15) (n=30)
June July averaged June July 3

DPR 0 Galerucella 0 0 0 0.07 £ 0.07 1.00 £0.48
LOO 0 Free 0 0 0 0 0
MAT 0 (GF) 0 0 0 0 1.40 £ 0.54
MOO 0 0 0 0 0 0.03£0.03
POR 0 0 0 0 0 0
ALB 8 Intermediate 1.47 £ 0.40 6.77 + 1.30 4.12 + 2.65 0 2.73+0.82
DEA 14 Colonization 1.53+0.72 0.23£0.09 0.88 £ 0.65 0.47 £0.32 0.37+£0.13
ROG 13 (IC) 2.2+0.82 1.37+0.71 1.78 £ 0.42 0 0.07 £0.07
RUS 8 1.2+0.34 0 0.60 + 0.60 0.133+0.133 1.40 £0.36
WES 13 1.93+0.58 10.47 £5.76 6.20 £ 4.27 0 0.57+0.19
WHI 1 0.33+0.27 0.47+0.32 0.39 £ 0.07 0 0
GLE 21 Early 6.73 £ 3.64 3.7+1.33 522+152 0.07 £0.07 0.57+0.28
JEB 17 Release 0.47 £0.22 0.23+0.14 0.35+0.12 0.07 £ 0.07 0.65+ 0.24
KEM 16 (ER) 0.53+0.47 0 0.27 £0.27 0 0.2+0.15
LOM 21 3.33+0.64 16.66 + 3.89 10.00 + 6.67 0 1.07+£0.75
NUM 21 1.33+0.29 1.33+0.27 1.33+0.00 0 0
PAK 21 553+215 7.76 £2.14 6.65 +1.12 0.07 £0.07 1.1+£043
PEM 18 2.40 £ 0.83 22.37 £5.83 12.38 £ 9.98 0 1.3+0.42

TEntries in this column for Intermediate Colonization have been estimated, see methods.

% To obtain a single measure of Galerucella density, data from the June and July visits were averaged. This column was used for all analyses involving
site Galerucella density.

® For Nanophyes density, only July measurements were used as this was peak weevil time and the counts were deemed more reliable than those gathered
in the June. This column was used for all analyses involving site Nanophyes density.
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Table 2.3: Site means (+SE) for plant traits, categorized according to colonization history.

Lythrum salicaria

Final height Above-ground  Above /below- Percentage of No. Inflorescence
Site (cm)* biomass (g)* ground plants flowering 2 inflorescences / length (cm) /
biomass® stem height ? stem height 2
DPR 119.92 +6.41 15.84 + 3.62 0.93+0.14 83.3 0.059 £ 0.001 0.433 £ 0.078
LOO 90.00 £ 6.03 7.67+3.24 0.83+0.10 66.7 0.024 +0.006 0.128 £+ 0.020
MAT 94.50 £ 8.33 12.92 +2.98 0.69+£0.08 43.3 0.018 £ 0.006 0.047 £0.018
MOO 111.08 + 8.47 21.69 +6.03 1.15+0.10 63.3 0.025 £ 0.003 0.163 £ 0.025
POR 116.33+7.59 26.39 £14.91 1.07 £0.15 40 0.021 £ 0.004 0.217 £ 0.054
Mean +SE 106.37 + 3.57 16.90 + 3.40 0.94 £ 0.06 59.33+£7.99 0.029 £ 0.003 0.198 + 0.023
ALB 119.00 + 6.67 12.88 + 3.03 0.54+0.11 73.3 0.036 +0.007 0.207 £ 0.035
DEA 102.50 + 6.21 19.12 + 3.23 1.52 +0.26 60 0.039 £ 0.006 0.224 £ 0.032
ROG 101.58 +5.76 23.58 £ 6.95 1.19+0.17 90 0.056 + 0.007 0.419 £ 0.072
RUS 155.42 + 6.13 72.36+ 16.82 1.14+0.37 93.3 0.057 £ 0.009 0.414 £ 0.074
WES 154.25 +5.81 42.75 * 6.50 0.53+0.07 40 0.061 £ 0.010 0.229 £+ 0.031
WHI 101.92 + 6.66 12.54 + 4.58 1.14+0.10 76.7 0.017 £ 0.002 0.174 £ 0.023
Mean +SE 122.44 + 3.72 30.53+4.13 1.01 £ 0.09 72.22 £8.10 0.044 £ 0.003 0.278 £ 0.021
GLE 103.92+3.98 24.07 £ 4.54 0.83+0.10 6.67 0.040 £ 0.007 0.117 £ 0.022
JEB 128.75+9.52 22.22 +3.47 0.83+0.07 80 0.033 £ 0.006 0.220 £ 0.037
KEM 98.92+4.13 3.74+£0.44 0.80+£0.18 86.7 0.019 £ 0.003 0.140 £ 0.014
LOM 133.42+3.56 26.97 £ 3.75 0.83+0.10 26.7 0.067 £ 0.026 0.247 £ 0.057
NUM 59.00+2.88 1.22 +0.14 0.31+£0.07 13.3 0.016 £ 0.005 0.044 £ 0.011
PAK 120.75+6.68 61.87 +11.29 1.31+0.26 20 0.044 £ 0.014 0.224 £ 0.074
PEM 134.5046.62 35.20+7.28 1.01+0.30 23.3 0.046 £ 0.012 0.186 £+ 0.038
Mean +SE 111.3243.46 25.04 £ 2.93 0.90 £ 0.08 36.67 £12.32 0.038 + 0.005 0.168 + 0.0162
Overall
Mean +SE 113.65+ 2.12 24.61+2.05 0.95 +0.05 54.81+6.72 0.038 + 0.002 0.213 £ 0.012

! Response variable used to assess productivity, collected in September (n=12)
2 Response variable used to assess reproductive output, collected in July (n=30)

% Response variable used to assess reproductive output, collected in September (n=12)
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Table 2.3 (continued):

Lythrum salicaria

Site No. Fruit/ No. fruit /g Fruit
plant 3 above-ground biomass * density®

DPR 600.33 £ 128.77 40.18 +4.10 446 £0.51
LOO 318.67 +174.19 33.52+3.11 442 +0.44
MAT 99.25 + 31.72 18.24 + 8.03 2.60+0.48
MOO 580.83 £ 168.41 24.86 = 2.90 5,52+ 0.94
POR 524.67 + 264.60 23.08 £1.24 5.00+0.28
Mean +SE 424,75 + 77.93 27.98 +2.19 440 +0.28
ALB 86.50 £ 28.39 5.97x+1.26 1.16 £0.22
DEA 528.83 £ 141.23 29.31+ 4.50 5.56 = 0.47
ROG 1160.00 + 88.63 41.17+4.74 438 +0.40
RUS 1295.50 £391.04 16.16 + 1.63 251+0.24
WES 611.50 + 103.52 1497+ 1.69 3.11+0.48
WHI 509.55 + 200.14 38.62 + 5.06 6.75+0.41
Mean +SE 701.31+120.71 24,37 + 2.07 3.9+0.27
GLE 311.50 £ 98.32 10.74 £ 2.64 3.03+0.39
JEB 672.33 £ 141.54 29.65+4.11 4.53 £ 0.50
KEM 90.17 £ 20.72 24,12 + 3.59 3.44 +0.36
LOM 307.33 £ 81.39 9.98+0.44 1.46 £0.24
NUM 20.67 £ 6.65 18.00 £ 5.48 2.00+0.54
PAK 622.18 + 250.03 9.11+211 1.36 £0.23
PEM 422.83 £ 199.69 7.51+251 0.98+0.31
Mean +SE 346.29 + 55.91 15.49+ 151 2.40x0.19
Overall

Mean +SE 486.07 + 51.38 21.72+1.11 3.46 +0.15

T Response variable used to assess productivity, collected in September (n=12)
2 Response variable used to assess reproductive output, collected in July (n=30)
% Response variable used to assess reproductive output, collected in September (n=12)

64



Table 2.4: Pearson correlation matrix of six Lythrum plant traits.

Trait Plant height No. Total No. fruit Above- Below-

inflorescences inflorescence ground ground
length biomass biomass

Plant height 1

No. inflorescences 0.7517** 1

Total inflorescence length  0.7818** 0.6281** 1

No. fruit 0.5401* 0.9616** 0.7546** 1

Above-ground biomass 0.7396** 0.9023** 0.9384** 0.6394** 1

Below-ground biomass 0.7924** 0.6655** 0.7456** 0.4666 0.7903** 1

*Correlation is significant at the P < 0.05 level.
**Correlation is significant at the P < 0.01 level.
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Table 2.5: Lythrum stem density, number of plant families and species identified at each site along with mean (+ SE)
quadrat species richness observed at the June and July site visits.
Lythrum density Total no. plant Total no. plant

Species Richness

Site (no. stems/ families identified species identified  Quadrats (June) Quadrats (July) *
quadrat) over season over season n=15 n=15
DPR 5.07+£1.14 17 50 6.33+£0.45 8.80+0.51
LOO 6.40 £ 1.77 15 53 6.60 £ 0.58 8.33+0.57
MAT 6.27 + 1.99 17 40 5.60 +0.32 5.27+0.31
MOO 4.73+£0.93 15 50 6.93 £ 0.60 6.67 £ 0.62
POR 5.60 + 1.52 11 27 3.53+0.22 4.87 +0.36
ALB 12.40 £ 2.54 10 30 6.53+£0.32 6.87 £ 0.36
DEA 4.26 £0.88 9 30 5.53+0.51 573 +0.64
ROG 9.00 £ 2.65 11 40 5.53+0.61 5.87 £ 0.62
RUS 9.40 £ 3.90 14 45 7.67+£0.41 5.00 +0.39
WES 1.33+£0.50 15 44 4.40 £+ 0.50 5.20 £ 0.46
WHI 15.93 £ 2.15 15 39 453 £0.52 4.93 £ 0.67
GLE 1.47 +0.51 10 25 5.87 £0.26 5.87 £0.26
JEB 3.47 +1.06 8 18 3.27+0.25 7.20+1.12
KEM 9.87 £2.03 12 35 5.93+0.36 6.13+0.47
LOM 21.07 + 3.04 13 33 4.87 +0.35 4.07 £ 0.40
NUM 6.54+1.78 15 41 5.53+0.77 6.07 £ 0.77
PAK 9.07+£1.76 18 48 5.00£0.45 493 +£0.52
PEM 7.87 £ 2.46 15 39 5.73+0.72 6.20 + 0.84

! Indicates column of data used for all analyses involving average site quadrat richness species richness.
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Table 2.6: Model selection for A) number of inflorescences per plant and B) total length of inflorescences, based on AICc. All
models included Stem height, Galerucella per stem, Nanophyes per stem, and Site as a random effect. Non-selected models also
contain interactions: Gal:Height (A1, B1) and Gal:Nan (A1, A2, B1, B2). Bolded models (A3, B3) are identified as being the
‘best’ models.

Model Number of parameters logLik AlCc AAICc
Al 8 164.47 180.73 17.12
A2 7 164.77 178.97 15.36
A3 6 151.45 163.61 0.00
Bl 8 559.76 693.42 133.61
B2 7 559.95 574.15 14.34
B3 6 547.65 559.81 0.00




Table 2.7: Parameter estimates for the best models (Models A3, B3 from Table 2.6) predicting the number of inflorescences per
stem and the total length of inflorescences (cm) per stem. This model included the fixed effects of stem height, as well as the
number of Galerucella per stem and the number of Nanophyes per stem. Site was also included as a random factor within the
model as it accounted for the variation within site. No interaction terms that were explored improved the model. Estimates are
given on a log-scale relative to the intercept.

Model Dependent variable Variable Estimate SE
A3 10910 Intercept -0.0201 0.0508
(No. Inflorescences +1) Stem height 0.0072 0.0005
Galerucella per stem 0.0050 0.0009
Nanophyes per stem 0.0337 0.0063
Site (among sites) 0.0130 0.0053
Residual (within site) 0.0681 0.0042
B3 10910 Intercept -0.2878 0.0853
(Inflorescence length +1)  Stem height 0.0137 0.0007
Galerucella per stem 0.0042 0.0013
Nanophyes per stem 0.0375 0.0091
Site (among sites) 0.0601 0.0225

Residual (within site) 0.0397 0.0087
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Figure 1.1: Known Galerucella (G. calmeriensis and G. pusilla) releases (pre-1996) in
Ontario. (McKenzie, pers. comm.). Two releases in Timmins, ON not shown.
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Figure 2.1: Map of study sites. Galerucella-free sites are indicated by diamonds, intermediate
colonization sites are indicated with circles and early release sites are indicated with pins

Exact coordinates can be found in Table 2.1.
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Figure 2.2: Photos of Galerucella calmeriensis a) mating adults, b) several egg masses and c)
larvae and feeding damage to Lythrum. Photos of Nanophyes marmoratus adults d) female, €)
male and f) damaged terminal Lythrum inflorescence.
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Figure 2.3: Linear regressions showing the associations between the number of years of
Galerucella exposure and the mean Galerucella density (F = 9.5548, df =17, P <0.007) and
damage rating per site (F = 22.50, df = 17, P < 0.0002).
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Figure 2.4: a) Mean (+SE) Galerucella density and damage ratings for sites categorized as
early Galerucella release sites (or not) b) Mean (xSE) Galerucella density and damage
ratings for sites categorized according to colonization history (Galerucella-free sites (GF),
intermediate colonization (IC) and early (Galerucella) release (ER) sites). Note: Bars that
are not connected by the same letter are significantly different, based on all pairs
comparison using Tukey-Kramer HSD (a = 0.05).
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Figure 2.5: Linear regressions showing the associations between mean plant height and the
a) Galerucella density (F = 4.1413, df = 17, P = 0.0588) and b) Nanophyes density (F =
2.8433, df =17, P =0.1112) at each site.
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Figure 2.6: Linear regression showing the association between mean the ratio of above to
below-ground biomass and a) Galerucella density (F = 4.3487, df =17, P = 0.0534) and
b) Nanophyes density (F = 3.9804, df = 17, P = 0.0634) for each site.
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Figure 2.7: Linear regressions showing the association between site means (July, n = 30) of
a) number of inflorescences (per plant height) and Galerucella density, b) number of
inflorescences (per plant height) and Nanophyes density, c) the total inflorescence length (per
plant height) and Galerucella density and d) the total inflorescence length (per plant height)

and Nanophyes density.

76



100+ _
Radj = 0.3200

80

Plants flowering (%)

Galerucella density

Figure 2.8: Linear regression showing an association between the percentage of plants
flowering at a site (late July) and the Galerucella density (F = 8.9828, df =17, P = 0.0085).
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Figure 2.9: Linear regressions showing the association between the mean number of fruit
produced per plant per site and the floral phenology (percentage of plants flowering at the
July visit) at that site (F = 4.2594, df = 17, P = 0.0556).
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Figure 2.10: Linear regressions showing the associations between site means (df =17) of a)
the logio (number of fruit per gram of above-ground biomass) and Galerucella density, b) the
logi0 number of fruit per gram of above-ground biomass and Nanophyes density, c) fruit
density (number of fruit per cm infructescence) and Galerucella density and d) fruit density
(number of fruit per cm infructescence) and Nanophyes density.
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Figure 2.11: Mean (£SE) number of fruit per gram of above-ground biomass for three
categories of a) Galerucella colonization history and b) present-day Galerucella levels
and mean (xSE) number of fruit per plant according to c) Galerucella colonization history
and d) present-day Galerucella levels. Note: Bars that are not connected by the same letter
are significantly different (P < 0.05). Galerucella level catergories are: absent (0
Galerucella per stem), low ( > 0 < 2 Galerucella per stem), and high (> 4 Galercucella
per stem).
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Figure 2.12: Linear regression showing the association between mean (n = 15) quadrat
plant species richness and mean above-ground biomass (g) for Lythrum for each site (F =
3.56, df = 17, P = 0.0778).



CHAPTER 3: Conclusions and Future Directions

The work presented here demonstrates that feeding on Ontario populations of Lythrum
salicaria by two biological control agents, Galerucella calmeriensis and Nanophyes
marmoratus, has the capacity to decrease the reproductive output of this invasive perennial. |
also detected an association between Galerucella density and delayed floral phenology, a
feature important to reproductive output and therefore plant population dynamics.

Although increasing Galerucella density (or damage) is associated with an increase in
the total number of inflorescences per plant, this does not necessarily translate into increased
fruit set (Schat and Blossey (2005). This indicates that traits important for reproductive output
(e.g., inflorescence length and hence the number of flowers) can vary with the type and
intensity of herbivore damage. One might also expect to find indirect effects such as altered
interactions with pollinators or effects on plant community composition and richness as a
result of herbivory. Indeed, we know that plant responses to herbivory vary depending on the
intensity and location of feeding damage along with environmental factors (Lande and Arnold
1983, Doak 1992) and/or genetic differences among populations (e.g., Halpern et al. 2010,
Brody and Irwin 2012).

The lack of a significant effect of herbivory on vegetative productivity is an important
piece of the puzzle, as it contrasts reports of reductions in height by Schat and Blossey (2005)
and (above-ground) biomass (Bastolova and Kvet 2002). A negative association was detected
between allocation to leaves as a proportion of plant biomass and Galerucella density (similar
to Schat and Blossey (2005)), but it was not statistically significant.

| am unfortunately unable to disentangle the effects of the two herbivores found in
varying densities at my 18 sites. Experimentally examining the effects of the individual

herbivores would make an excellent next step. Future studies could also focus on identifying
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the specific plant traits most attractive to each herbivore. A further understanding of the
effects of herbivory on Lythrum reproductive success may be gained by examining fitness of
the next generation of plants.

As the Canadian distribution of Nanophyes has only been partially described (Douglas
2013, St. Louis 2013), a more thorough search for the extent of its range and path(s) of
introduction would be worthwhile. It is possible that since Nanophyes is such a strong
disperser and establisher it has travelled to and resides in more northern Lythrum populations,
where its success and impacts are currently unknown.

As in Hambéck et al. (2000), who found that the presence of the plant Myrica gale,
reduced Galerucella damage to Lythrum, likely by somehow concealing its presence,
examining the influence of the plant community or the presence of a particular plant within
the community exposed to a biological control program could also prove informative. For
example, neighbouring plants could compete with a target pest plant species, possibly altering
their responses to herbivory (e.g., Hjalten et al. 1973, Boege 2010). Some authors have found
that the introduction of a biological control agent is associated with an increase in species
richness or a return of balance in the invaded ecosystem (Huffaker and Kennett 1959,
Bellows 2001, Albright 2004). Follow up studies could reveal detectable changes in plant
community.

The work presented in this thesis demonstrates that feeding by two biological control
agents can affect rates of fruit production in Lythrum and adds an important long-term

assessment of the biological control of this invasive species.
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