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Abstract
Herbivory can have many effects on plant fitness, including altering plant-pollinator
interactions and sexual reproduction in angiosperms. Pollinator-mediated interactions
may be impacted when herbivores alter plant traits, such as floral display size, that can
influence pollinator visitation rates, and, ultimately, the reproductive component of plant
fitness. Here I describe an investigation into the indirect effects of feeding by beetles
released as a biological control agent, Galerucella calmariensis and G. pusilla, on plantpollinator interactions and reproductive output in the invasive plant Lythrum salicaria L.
(purple loosestrife). During the summer of 2011, three treatments (low, ambient and
mechanical herbivory) were applied to 105 plants during the pre-flowering period of
growth. At the onset of flowering, a series of pollinator observations were conducted over
the course of approximately 1.5 weeks. Several aspects of floral display were affected by
the herbivory treatments, including increased inflorescence and flower production in the
ambient and mechanical herbivory treatments, relative to the low herbivory treatment.
Treatment type did not have a significant effect on the number of pollinator foraging
bouts, but had marginally significant effects on the number of flowers probed per
pollinator foraging bout and per 30-minutes. Moreover, treatment had a significant effect
on the number of switches among the inflorescences on a single plant. I discuss the
possibility that the differences in pollinator visitation were mediated by differences in the
architecture and the size of floral display. There were no detectable differences in fruit or
seed production (i.e., female fitness) among treatments. However, as I discuss,
differences in pollinator visitation may affect other unmeasured aspects of fitness, such as
the level of inbreeding or the number of seeds sired through male function.

ii
TABLE OF CONTENTS
Abstract............................................................................................................................... i
Table of Contents .............................................................................................................. ii
List of Tables .................................................................................................................... iii
List of Figures................................................................................................................... iv
Acknowledgements ........................................................................................................... v
CHAPTER 1: General Introduction and Overview ...................................................... 1
General Introduction and Overview ................................................................... 1
Multispecies interactions ................................................................................... 1
Effects of herbivory on plant reproduction....................................................... 2
Effects of herbivory on female and male fitness ............................................. 3
Research Questions and Study System ............................................................... 6
References............................................................................................................ 10
CHAPTER 2: A Study of the Impact of an Introduced Herbivore on PollinatorMediated Interactions and Female Fitness in Lythrum salicaria................................ 18
Introduction......................................................................................................... 18
Methods................................................................................................................ 24
Study species..................................................................................................... 24
Introduced beetles......................................................................................... 25
Study site........................................................................................................... 26
Herbivory treatments........................................................................................ 26
Pollinator observations .................................................................................... 28
Fruit and seed production................................................................................ 29
Statistical analyses ........................................................................................... 30
Results .................................................................................................................. 31
Direct effects of herbivory................................................................................ 31
Pollinator community ...................................................................................... 32
Pollinator visitation.......................................................................................... 33
Effects of plant characteristics on pollinator visitation................................ 34
Relationships between plant community and pollination ............................. 35
Fruit and seed production................................................................................ 36
Discussion............................................................................................................. 36
Conclusions.......................................................................................................... 43
References............................................................................................................ 45
CHAPTER 3: Conclusions and Future Directions ...................................................... 65
References............................................................................................................ 71

iii

List of Tables
Table 2.1. Least-squares regressions among plant traits and
aspects of pollinator visitation. Note: some results are not presented because
residuals were not normally distributed…………….……………………………………54
Table 2.2. Results of an ANCOVA of the effects of herbivory treatment
and flowering plant community on the number of foraging bouts performed
by pollinators to individual L. salicaria plants during 30-minute periods.
Plants were the unit of replication and the ANCOVA was weighted by the
number of observation periods per plant. Note: the response variable was
square root transformed.……………….…………………………………………...……55
Table 2.3. Results of an ANCOVA of the effects of herbivory treatment
and flowering plant community on the number of L. salicaria flowers probed
by pollinators during 30-minute periods. Plants were the unit of replication
and the ANCOVA was weighted by the number of observation periods per plant.
Note: the response variable was square root transformed………….………………..…...56
Table 2.4. Results of an ANCOVA of the effects of herbivory treatment
and flowering plant community on the number of L. salicaria flowers probed
by pollinators during individual foraging bouts. Plants were the unit of replication
and the ANCOVA was weighted by the number of observation periods per plant.
Note: the response variable was log transformed……………………..………………....57

iv

List of Figures
Figure 1.1. Potential indirect effects of herbivory, investigated in this
thesis, on the female component of plant fitness via altered plant-pollinator
interactions. Dashed lines and non-bold items were not measured. Figure
modified from Strauss (1997)………………………………...………………………….17
Figure 2.1. Photographs of various life-history stages of Galerucella beetles
observed at Cow Island Marsh in 2011: A) adults mating, B) eggs oviposited
on L. salicaria leaves (courtesy of K. Fowler), C) larva feeding on L. salicaria
meristem, and D) larva feeding on L. salicaria leaf.……………………………….……58
Figure 2.2. Photographs of A) a section of the study site, Cow Island Marsh,
with multiple L. salicaria stems covered with no-see-um netting and B) a
close-up of an individual L. salicaria stem covered with no-see-um netting……………59
Figure 2.3. Mean (+/- SE) height of L. salicaria plants among three
herbivory treatments at three points in time. Note: lettering is specific to
each time point and does not make comparisons among time points. Bars that
are not connected by the same letter are significantly different (p < 0.05)……………...60
Figure 2.4. Mean (+/- SE) number of inflorescences on L. salicaria plants in
three herbivory treatments during pollinator observations and by the end of the
growing season. The total number of inflorescences produced by the end of the
growing season was inferred from the total number of fruiting stalks collected.
Note: lettering is specific to each time point and does not make comparisons
among time points. Bars that are not connected by the same letter are
significantly different (p < 0.05)…………………………………................……………61
Figure 2.5. Mean (+/- SE) (A) Julian date of first flower (n = 76) and (B)
number of open flowers during pollinator observations (n = 83) in
L. salicaria plants in three herbivory treatments. Note: lettering is specific
to each panel. Bars that are not connected by the same letter are significantly
different (p < 0.05)…………………………………………………………………..…...62
Figure 2.6. Taxonomic composition of pollinators that visited L. salicaria
plants in three herbivory treatments (n = total number of pollinators observed
within each herbivory treatment)..………………………………….……………………63
Figure 2.7. Mean (+/- SE) number of flowers probed, grouped by all
pollinator taxa and by Bombus spp., (A) per 30 minutes and (B) per foraging
bout on L. salicaria plants in three herbivory treatments. Note: lettering is
specific to each taxa grouping within each panel and does not make comparisons
among the taxa groupings. Bars that are not connected by the same letter are
significantly different (p < 0.05)………………………………………………………....64

v

Acknowledgements:
I wish to thank Kayley Fowler, Irene McKechnie, Elise Guira, Sarah Hirschfeld,
Risa Sargent, and Anna Russell-Mercier for assistance with fieldwork, especially
pollinator observations. Everyone maintained uncanny positive spirits while working at
Cow Island Marsh. Thanks to all Sargent lab members, past and present, for being such a
positive part of my grad school experience. A big shout-out goes to Irene, who has been
my labmate since the beginning of my MSc.
Thank you to members of the Kassen and Rundle labs for providing constructive
feedback on my research and for the lunchtime discussions. I also thank Lauren Remmler
for writing the seed counting software, and the management at The Queen’s University
Biological Station (QUBS) for support in the field. I appreciate the advice on greenhouse
procedures provided by Huguette Allard of the University of Ottawa. I also thank
Michael Stastny for helpful comments and my committee members, Howard Rundle and
Andrew Simons, for useful suggestions for statistical analyses and interpretation.
A great deal of gratitude goes to my supervisor, Risa Sargent, who gave me the
opportunity to pursue this degree “site-unseen”. Thank you for your guidance, support
and for always being generous with your time. This MSc has been an amazing experience
that would not have been possible without you. As well, through a Natural Sciences and
Engineering Research Council of Canada (NSERC) Discovery Grant, Dr. R. Sargent
provided funding that allowed me to conduct this research and present my findings at the
1st Joint Congress on Evolutionary Biology.
Thanks to all of my friends and family for encouraging me in my studies. Thank
you mom and dad for fostering my curiosity about nature on our Sunday family

vi
excursions in B.C. I also thank Lorin and Jyssika Russell for taking us in when we first
moved to Ottawa and to Anna’s extended family in Ottawa --- it’s been fantastic to have
such a great network of people in the city.
Finally, I thank my wife Anna, to whom I dedicate this thesis, for her unwavering
love and support. Thank you for taking on more than your fair share of duties during the
busy times and for all the long hours spent at the computer reviewing drafts of
schoolwork throughout both of my degrees. Thanks for doing pollinator observations,
despite your fear of all things that are yellow and buzz, and for joining me to collect
fruits. Thank you for taking a genuine interest in my research. I should have learned by
now to not be surprised at the insightful and challenging questions you ask, but you still
amaze me. Finally, thank you for believing in me enough to leave our comfortable lives
on the beautiful, but not always sunny, shores of Newfoundland.

1

CHAPTER 1: General Introduction and Overview
General Introduction and Overview
Multispecies interactions
All organisms coexist and interact with other species in their natural environments.
Yet, ecological studies frequently focus on pairwise interactions and generally ignore the
importance of multispecies interactions. As a result, we have a limited ability to make
predictions about the net effects of one species on another (Wootton 1994, Miller and Travis
1996, Strauss and Irwin 2004, Barber et al. 2012). As noted by Strauss and Irwin (2004), the
strength and response to selection predicted by pairwise relationships among species, which
are most often studied, might deviate when multispecies interactions are considered (also see
Miller and Travis 1996). For example, in Erysimum mediohispanicum (Brassicaceae),
pollinator-mediated selection on floral traits (such as floral display height, flower number,
and flower size) is counter-balanced by the tendency of ungulate herbivores to browse on
plants with a larger floral display (Gómez 2003). Indeed, the effects of one organism on a
focal species may be heighted or decreased by altered interactions between the focal species
and its enemies or mutualists within the community (Morris et al. 2007, Barber et al. 2012).
A recent meta-analysis suggests that the harmful impacts of enemies on plants can be
lessened by interactions between plants and mutualist taxa (Morris et al. 2007). In the case of
plant-pollinator interactions, herbivory can alter plant traits that influence pollinator
behaviour and, in doing so, have effects on sexual reproduction and fitness (Strauss 1997,
Strauss and Irwin 2004).
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Effects of herbivory on plant reproduction
Herbivory can have direct effects on multiple components of plant fitness, either by
reducing the probability of survival (Rausher and Feeny 1980, Strauss 1991, Brody et al.
2007) or by altering some other aspect of plant performance, such as rates of photosynthesis
(Oleksyn et al. 1998, Zangerl et al. 2002), growth (Karban and Strauss 1993, Nötzold et al.
1998, Schat and Blossey 2005), and root:shoot biomass allocation (Vranjic and Gullan 1990,
Karban and Strauss 1993), which can impact plant fitness (reviewed by Strauss and Irwin
2004). Herbivores can also affect male and female fitness, either by inducing a reduction in
allocation towards male and/or female traits, and therefore the quality or quantity of gametes
(i.e., pollen and ovules) (Strauss 1997, Lehtilä and Strauss 1999); by consuming male and/or
female gametes (Krupnick and Weis 1999); or by consuming progeny (i.e., seeds or fruits)
(Strauss and Irwin 2004).
In addition to its direct impacts on fitness, herbivory can alter plant traits that
influence pollinator behaviour, which may indirectly affect pollinator-mediated fitness
(Strauss 1997, Strauss and Irwin 2004). For example, herbivory may reduce pollinator
visitation rates and/or the duration of visits to individual flowers if floral traits are negatively
affected, such as through a reduction in flower size (Karban and Strauss 1993, Strauss et al.
1996, Lehtilä and Strauss 1997, Strauss 1997, Lehtilä and Strauss 1999, Mothershead and
Marquis 2000, Steets and Ashman 2004, Barber et al. 2011), reduced numbers of flowers
produced (Lehtilä and Strauss 1997, Adler et al. 2001, Hambäck 2001, Suárez et al. 2009,
Barber et al. 2011, Barber et al. 2012), degraded flower appearance (Karban and Strauss
1993), modified floral scent (Kessler et al. 2011), or altered nectar composition and/or
volume (Krupnick et al. 1999, Adler et al. 2006, Halpern et al. 2010). In contrast, pollinator
visitation could increase where plants respond to herbivory with a change in floral traits that
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positively influences pollinator attraction such as through increased nectar production
(Poveda et al. 2003, Barber et al. 2011) or overcompensation in flower production
(Schlichting and Levin 1984, Gronemeyer et al. 1997). An altered rate of pollinator visitation
is expected to impact male and female fitness differently, due to the differential importance
of pollen export and import to these two aspects of fitness (Strauss 1997, Krupnick and Weis
1999). Specifically, male fitness should be more sensitive to rates of pollen export, whereas
resource acquisition more commonly limits female fitness (Bateman 1948, Willson and
Burley 1983, Stanton et al. 1986).
Effects of herbivory on female and male fitness
Herbivory can directly limit female fitness by reducing ovary and ovule production
(via altered resource availability) (Hambäck 2001, Sharaf and Price 2004), or by damaging
those ovaries that are produced (Krupnick and Weis 1998). Herbivory can limit female
reproduction indirectly if rates of pollinator visitation, and therefore pollen receipt, decline
(Strauss 1997). For example, a reduction in the number of pollinator visitors may result in
the pollen limitation of fruit and seed set (i.e., fruit and seed set is limited by access to
mates), or increase the degree of pre-existing pollen limitation (Krupnick and Weis 1999,
Mothershead and Marquis 2000, Kessler et al. 2011), which is not uncommon in plants
(Bierzychudek 1981, Burd 1994, Ashman et al. 2004, Knight et al. 2005). Another potential
indirect effect of herbivory may occur if herbivory leads to an increase in the number of open
flowers (e.g., Schlichting and Levin 1984, Gronemeyer et al. 1997), which can result in more
flowers visited during a given foraging bout (reviewed by Ohashi and Yahara 2001). The
more flowers that are visited during a foraging bout the higher the degree of geitonogamy
(selfing due to “the transfer of pollen between flowers on the same plant” (de Jong et al.
1993, p. 321)) (de Jong et al. 1993, reviewed by Harder et al. 2001, Ohashi and Yahara 2001)
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and the lower the rate of outcrossing (Barrett et al. 1994, Harder and Barrett 1995). Thus, as
noted by Krupnick and Weis (1999), altered rates of geitonogamy can have important
consequences for female function by reducing offspring quality if inbreeding depression is
present within a population. The degree of geitonogamy depends on the presence and
strength of prezygotic barriers. For example, outcrossed pollen develops pollen tubes faster
than, and has a siring advantage over, self-derived pollen in Decodon verticillatus (L.)
Elliott. (Lythraceae) (Eckert and Allen 1997).
As with female function, herbivory can also impact male fitness directly and
indirectly. Herbivory can lead to a reduction in pollen production (Frazee and Marquis 1994,
Quesada et al. 1995, Strauss et al. 1996, Lehtilä and Strauss 1999), size (Quesada et al. 1995,
Lehtilä and Strauss 1999), and competitive ability (Quesada et al. 1995, Mutikainen and
Delph 1996). Altered pollinator behaviour, in response to herbivory, can impact male
function via effects on rates of pollen export and discounting. For example, a reduction in the
number of pollinators visiting a flower will decrease the amount of pollen exported
(Klinkhamer et al. 1989, Krupnick and Weis 1999). However, male fitness can also be
negatively impacted via different avenues of pollen loss if each pollinator visits more flowers
per plant (reviewed by Biernaskie and Cartar 2004), as occurs in plants with more open
flowers (reviewed by Ohashi and Yahara 2001). As the number of flowers visited per plant
increases, so does the probability of pollen discounting, defined as pollen being unavailable
for outcrossing due to deposition on self-stigmas (Harder and Wilson 1998, Harder et al.
2001). Finally, pollen may be groomed by pollinators, and therefore unavailable for
outcrossing, in between visits to flowers on a plant (Thomson 1986, Harder 1990).
Due to the discussed potential impacts of pollinator visitation patterns, both male and
female fitness should be maximized when a plant attracts many pollinators that each visit
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few flowers, because this will limit inbreeding and increase pollen export (i.e., reduce
geitonogamy and pollen discounting) (Klinkhamer et al. 1994, Harder et al. 2001, Biernaskie
and Cartar 2004). However, male fitness is more limited by pollen export (i.e., access to
mates), whereas the limitations to female fitness are more likely due to access to resources,
according to Bateman's Principle (Bateman 1948, Willson and Burley 1983, Stanton et al.
1986). Thus, altered pollinator visitation, as an indirect effect of herbivory, may affect male
fitness more than female fitness (Strauss et al. 1996, Krupnick and Weis 1999). For instance,
following one visit to a flower by a pollinator, the proportion of ovules fertilized is much
greater than the proportion of pollen exported for outcrossing (Bell 1985). Furthermore,
when pollen grains are deposited on receptive stigmas they must compete with other males
for access to ovules (Mutikainen and Delph 1996, Lehtilä and Strauss 1999). The barrier
faced by males of access to mates (due to insufficient pollinator visitation) may be
exacerbated for males exposed to herbivory, as feeding damage can decrease rates of pollen
tube growth and thus reduce competitive ability in comparison to pollen from undamaged
plants (Mutikainen and Delph 1996).
One caveat to the above is that females can also be limited by access to mates (Burd
1994), as demonstrated by the high frequency of pollen limitation of fruit and seed set in the
wild (Bierzychudek 1981, Burd 1994, Ashman et al. 2004, Knight et al. 2005). This effect
may be exacerbated when plants suffer from damage imposed by herbivores. For example,
Kessler et al. (2011) demonstrated that the seed set of Solanum peruvianum L. was limited
by reduced pollinator visitation as an indirect effect of herbivory. Moreover, it has been
shown that floral herbivory can reduce the number of pollen grains deposited on stigmas in
Isomeris arborea (Capparaceae), although this did not result in pollen limitation of fruit set
(Krupnick and Weis 1999). In addition, modified pollinator visitation rates, resulting from
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herbivory, can affect both sexes, or it can negatively affect one sex while having no impact
on the other (Krupnick and Weis 1999). In spite of the fact that herbivory can have
dramatically different impacts on male and female fitness, it is only relatively recently that
the indirect effects of herbivory on male and female fitness, via plant-pollinator interactions,
have been considered in concert (Strauss 1997, Strauss et al. 2001). Gronemeyer et al. (1997)
reported that herbivory by ungulates on Ipomopsis aggregata (Polemoniaceae) (scarlet gilia)
resulted in increased flower production and an increase in male and female fitness;
individuals damaged by ungulate feeding sired approximately twice the number of progeny
(i.e., increased male fitness) and produced significantly more fruit (i.e., increased female
fitness) than plants not subjected to ungulate herbivory. However, due to reduced pollinator
visitation to Isomeris arborea in response to herbivory, pollen export from individual flowers
was decreased by approximately 50% compared to pollen export from flowers on
undamaged plants, whereas fruit set was not significantly affected by reduced pollinator
visitation (Krupnick and Weis 1999).
Research Questions and Study System
In the United States, invasive species pose threats to many native taxa and annually
cost the economy billions of dollars (Pimentel et al. 2005). Biological control agents have
been successfully used to mitigate the impacts of many invasive species (reviewed by
DeBach and Rosen 1991). However, a failure to consider the ecological and evolutionary
ramifications and the mechanisms through which biological control agents suppress their
targets may result in unexpected and harmful consequences or limit the effectiveness of the
biological control in the introduced range (Corey and Myers 2000, Simberloff 2012). For
example, releases of the Indian mongoose (Herpestes auropunctatus), intended to control
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rats on islands (including, but not limited to, Hawaii, Jamaica, and Puerto Rico) has resulted
in many detrimental effects, including the spread of disease (reviewed by Pimentel et al.
2005) and, due to a lack of host specificity towards rats, predation on native animals
(reviewed by Pimentel et al. 2005, Simberloff 2012).
Since herbivory can affect plant-pollinator interactions, and thus the reproductive
component of fitness in plants, such multispecies interactions may be a mechanism through
which herbivorous biological control agents impact the fitness of target invasive plant
species (Swope and Parker 2010, Swope and Parker 2012). For example, while herbivorous
biological control agents can reduce the competitive ability of invasive plants (e.g., reduce
height, reduce biomass, etc. (Blossey and Schat 1997, Schat and Blossey 2005)), they may
affect plant reproduction by altering pollinator-mediated interactions. In my thesis I
investigate the potential for a biological control agent (two congener Galerucella beetle
species) to indirectly affect plant-pollinator interactions and thereby female fitness (fruit and
seed production) in the invasive plant Lythrum salicaria L. (Lythraceae) (purple loosestrife).
L. salicaria has migrated and established across North America since its initial
introduction to the US northeast from Eurasia in the 1800s (Stuckey 1980, Thompson et al.
1987, Blossey et al. 2001). The impacts of L. salicaria on native ecosystems remains
unclear; one body of research indicates that L. salicaria can outcompete native wetland
plants (Gaudet and Keddy 1988, Mal et al. 1997, Weihe and Neely 1997), thereby reducing
species diversity in wetlands (Thompson et al. 1987, Farnsworth and Ellis 2001, Hovick et
al. 2011), while other research demonstrates that L. salicaria is not more competitive than
native plants (Denoth and Myers 2007) and does not reduce species diversity (Treberg and
Husband 1999, Farnsworth and Ellis 2001, Hager and Vinebrooke 2004, Houlahan and
Findlay 2004, and reviews by Anderson 1995, Hager and McCoy 1998, Lavoie 2010).
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Several methods have been used in an effort to control L. salicaria populations including
fire, hand-pulling, herbicides, alteration of water levels, and mowing (reviewed by
Thompson et al. 1987, Malecki et al. 1993, Blossey et al. 2001). However, these methods
may damage ecosystems (e.g., herbicides) and are not cost-efficient or effective at large
scales (reviewed by Thompson et al. 1987, Malecki et al. 1993, Blossey et al. 2001).
One hypothesis to explain the success of L. salicaria in North America is that it has
escaped its natural enemies (enemy release hypothesis, also known as the escape-fromenemy hypothesis (Crawley 1986, Lawton and Brown 1986, Keane and Crawley 2002,
Wolfe 2002)), thereby giving it a competitive advantage in the introduced range (Thompson
et al. 1987, Malecki et al. 1993, Hunt-Joshi et al. 2004). Furthermore, the evolution of
increased competitive ability (EICA) hypothesis proposes that, if a tradeoff exists between
defensive and competitive traits, selection in the introduced range will favor increased
allocation of resources to growth and/or reproduction (Blossey and Nötzold 1995). In 1992
the Canadian and U.S. governments approved the release of several taxa of non-native
herbivorous beetles, which are natural enemies of, and share the same native range as, L.
salicaria, to use as biological control agents against the invasive plant (Malecki et al. 1993).
The taxa released in the Canadian province of Ontario include two congener beetles,
Galerucella calmariensis L. and G. pusilla Duftschmid (Coleoptera: Chrysomelidae), and a
root mining weevil Hylobius transversovittatus Goeze (Coleoptera: Curculionidae).
However, in Ontario Galerucella spp. populations were successfully established, whereas
releases of H. transversovittatus failed to establish any viable populations (Lindgren et al.
2002).
Galerucella herbivory has been shown to reduce plant height (Blossey and Schat
1997, Schat and Blossey 2005), decrease total biomass (Blossey and Schat 1997), increase
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the degree of branching and number of inflorescences (Schat and Blossey 2005), delay
flowering (Schat and Blossey 2005), reduce the overall flowering period (Schat and Blossey
2005), reduce the number of flowers produced (Landis et al. 2003), lower inflorescence
biomass (Schat and Blossey 2005), decrease inflorescence length (Katovich et al. 2001,
Schat and Blossey 2005), and decrease seed production per plant (Katovich et al. 2001).
While a number of studies have investigated the effects of Galerucella herbivory on L.
salicaria, a literature search revealed no studies examining whether feeding by Galerucella
affects pollinator-mediated interactions in L. salicaria.
The main aim of this thesis was to investigate multispecies interactions and their
effects on pollinator-mediated fitness in an invasive species (L. salicaria) following the
introduction of a non-native herbivore (the beetle, Galerucella). Specifically I ask:
1. Given that herbivory has been shown to affect floral display in other species, what impacts
does Galerucella feeding have on the floral display of L. salicaria?
2. Abundant studies have established that an altered floral display can affect rates of
pollinator visitation. If Galerucella feeding alters the floral display, what are the effects on
pollinator visitation to L. salicaria?
3. If plant-pollinator interactions are altered by damage caused by Galerucella herbivory,
then what are the effects on fruit and seed production in L. salicaria?
As noted above, herbivores can alter interactions between plants and their mutualists.
Therefore, the strength of selection on plants due to herbivory may differ from that predicted
by considering only interactions between plants and herbivores (Strauss and Irwin 2004).
The work described in my thesis adds to the relatively limited body of literature on the
indirect effects of herbivores on interactions between plants and pollinators (Strauss 1997,
reviewed by Strauss and Irwin 2004).
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Figure 1.1. Potential indirect effects of herbivory, investigated in this thesis, on the female
component of plant fitness via altered plant-pollinator interactions. Dashed lines and nonbold items were not measured. Figure modified from Strauss (1997).
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CHAPTER 2: A Study of the Impact of an Introduced Herbivore on PollinatorMediated Interactions and Female Fitness in Lythrum salicaria
Introduction
Herbivory can affect multiple components of plant fitness, and in doing so may exert
selection on flowering plants. In contrast to traditional views of herbivory, which emphasize
direct effects on plant fitness, it is becoming increasingly recognized that herbivores can
indirectly affect flowering plants by altering interactions between plants and other taxa, such
as mutualisms with animal pollinators. By modifying the expression of floral traits, and in
turn plant-pollinator interactions, herbivores can influence numerous aspects of sexual
reproduction in angiosperms (Figure 1.1), and may impact fitness achieved via female and
male function differentially (Strauss 1997, Strauss and Irwin 2004).
Herbivory can affect pollinator-mediated reproduction in angiosperms by altering
individual plant traits that function to attract pollinators (reviewed by Strauss 1997, Strauss
and Irwin 2004). For example, herbivory has been shown to affect the number of flowers
produced (Gronemeyer et al. 1997, Lehtilä and Strauss 1997, Adler et al. 2001, Barber et al.
2011, Barber et al. 2012); flower size (Karban and Strauss 1993, Strauss et al. 1996, Lehtilä
and Strauss 1997, Strauss 1997, Lehtilä and Strauss 1999, Mothershead and Marquis 2000,
Steets and Ashman 2004, Barber et al. 2011); flowering phenology (Strauss et al. 2001,
Poveda et al. 2003, Sharaf and Price 2004, Schat and Blossey 2005, Pellegrino and
Musacchio 2006); the size (Lehtilä and Strauss 1999) and quantity of pollen (Frazee and
Marquis 1994, Quesada et al. 1995, Strauss et al. 1996, Lehtilä and Strauss 1999); and nectar
volume (Krupnick et al. 1999, Halpern et al. 2010) and composition (Adler et al. 2006). Such
effects may arise through various mechanisms, including by reducing the resources available
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for allocation towards reproduction due to the loss of leaf or root tissues (Mutikainen and
Delph 1996, Zamora et al. 1999, Poveda et al. 2003). Floral herbivory may also negatively
impact flower appearance (Karban and Strauss 1993) and flower abortion rates (Krupnick
and Weis 1998). Furthermore, pollinator visitation may be negatively affected when
herbivory induces the production of volatile organic compounds, which may alter floral scent
(Kessler et al. 2011) or leach into nectar (Adler et al. 2006). As demonstrated in Nicotiana
quadrivalis Pursh (Solanaceae), where the response to herbivory (increased nectar
production) is dependant on water availability, the direct effects of herbivory on floral traits
can vary with aspects of the environment (Halpern et al. 2010). In addition to its influence on
individual plant traits, herbivory can alter the density of plant populations and, in doing so,
may indirectly affect plant-pollinator interactions and the amount of conspecific pollen
received on stigmas (Vázquez and Simberloff 2004).
Following herbivory, the number and/or duration of floral visits by pollinators may
decrease (Karban and Strauss 1993, Strauss et al. 1996, Lehtilä and Strauss 1997, Krupnick
et al. 1999, Adler et al. 2001, Hambäck 2001, Steets and Ashman 2004, Suárez et al. 2009,
Barber et al. 2011, Kessler et al. 2011), increase (Poveda et al. 2003, Barber et al. 2011), or
remain unchanged (Sharaf and Price 2004, Hladun and Adler 2009) depending on the way in
which herbivory alters the expression of floral traits. For example, feeding by thrips on
Erigeron glaucus (Asteraceae) flower heads alters the appearance of petals and reduces
pollinator visitation (Karban and Strauss 1993). Lehtilä and Strauss (1997) reported that
reduced flower production, as a direct result of herbivory, likely explains decreased
pollinator visitation to plants that had undergone herbivory treatments. In contrast, increased
pollinator visitation may occur when plants respond to herbivory with improved
attractiveness to pollinators. For example, root herbivory increased pollinator visitation to
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two species, Sinapis arvensis (Poveda et al. 2003) and Cucumis sativus (Barber et al. 2011).
While not measured, the authors suggested that heightened pollinator preference was
possibly due to increased nectar production resulting from herbivory in those species
(Poveda et al. 2003, Barber et al. 2011).
Altered patterns or rates of pollinator visitation can influence pollen import and
export, and can have important consequences for the reproductive component of fitness in
flowering plants that rely on pollinators for sexual reproduction (Strauss 1997, Strauss and
Irwin 2004). Contrary to previous assumptions, there is not always a positive correlation
between male and female fitness in plants, and altered pollinator visitation may affect male
fitness despite a lack of apparent effects on female reproductive output, or vice versa
(reviewed by Mutikainen and Delph 1996, Strauss 1997). In addition, following herbivory
some plant species alter the allocation to male and female function (reviewed by Strauss
1997, also see Lehtilä and Strauss 1999, Thomson et al. 2004). While the mechanisms of
altered pollinator visitation are similar (e.g., altered floral display), its effects on male and
female fitness are likely to differ, as rates of pollen donation and receipt can have differential
effects on fitness accrued through male and female function (Strauss 1997, Krupnick and
Weis 1999). According to Bateman’s Principle (1948), female fitness should be more
resource limited, whereas male fitness should be more heavily impacted by pollinator
visitation (i.e., access to mates) (Willson and Burley 1983, Stanton et al. 1986). For example,
Bell (1985) noted that female fitness, with respect to the number of ovules fertilized, is
expected to be maximized by much fewer pollinator visits than are required to maximize
pollen export and, thus, male fitness.
If herbivory leads to a reduction in the number of pollinators, the number of flowers
visited per pollinator, and/or the duration of floral visits, then outcrossed pollen export and
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receipt may decline, which can affect plant fitness (reviewed by Harder et al. 2001). For
instance, the number of pollen grains exported by pollinators, and thus the number available
for outcrossing, may decrease if there is a reduction in pollinator visitation (Strauss 1997).
This has been demonstrated in Isomeris arborea (Capparaceae) where plants subjected to
herbivory experienced a 50% reduction in the amount of pollen removed from flowers
(Krupnick and Weis 1999). Moreover, reduced pollinator visitation can decrease the amount
of outcrossed pollen received by stigmas and therefore the fraction of ovules fertilized (i.e.,
pollen limitation of female reproduction (Bierzychudek 1981, Burd 1994, Ashman et al.
2004, Knight et al. 2005)). For example, herbivory has been shown to negatively impact
pollinator visitation and seed set, thereby decreasing female fitness, in some species
(Mothershead and Marquis 2000, Kessler et al. 2011). However, changes in rates of
pollinator visitation due to herbivory may not necessarily result in altered fruit and seed set,
and these two fitness measures may themselves be limited by resources as a direct affect of
herbivory (Hambäck 2001, Poveda et al. 2003, Sharaf and Price 2004, Hladun and Adler
2009).
The number of flowers probed during a foraging bout can have important fitness
impacts on plants (de Jong et al. 1993, Barrett and Harder 1996). Modifications to pollinator
visitation patterns may have additional effects on female reproductive success by altering
offspring quality in species or populations where inbreeding depression is present (Krupnick
and Weis 1999). For example, if herbivory leads to an increase in the number of flowers
probed during each foraging bout, a response that is likely if damaged plants have more open
flowers, the self-fertilization rate will increase (de Jong et al. 1993). Furthermore, increased
transfer of pollen to stigmas within the same plant (i.e., pollen discounting) in selfincompatible species is detrimental to male fitness as those gametes will no longer be
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available to sire outcrossed seeds (Strauss 1997, Harder and Wilson 1998, Ohashi and
Yahara 2001, Harder et al. 2001). Experimental manipulations have shown that as the
number of open flowers on a plant increases, so do levels of inbreeding and pollen
discounting (Barrett et al. 1994, Harder and Barrett 1995).
In the current study, I investigate the potential for the congeneric beetle species
Galerucella calmariensis L. and G. pusilla Duftschmid (Coleoptera: Chrysomelidae),
introduced in 1992 as a biological control agent of Lythrum salicaria, to alter plant-pollinator
interactions and reproductive output. Herbivory by Galerucella beetles on L. salicaria has
been demonstrated to reduce plant height (Blossey and Schat 1997, Schat and Blossey 2005),
alter biomass allocation between roots and shoots (Blossey and Schat 1997), reduce biomass
(Blossey and Schat 1997), alter plant architecture and increase the number of inflorescences
produced (Schat and Blossey 2005), decrease total inflorescence length (Katovich et al.
2001, Schat and Blossey 2005), delay flowering (Schat and Blossey 2005), reduce the
number of flowers (Katovich et al. 2001, Landis et al. 2003) and reduce the number of fruits
and seeds produced (Katovich et al. 2001). While some of these direct impacts on plant traits
may reduce the competitive ability of L. salicaria (Malecki et al. 1993, Blossey and Schat
1997, Katovich et al. 2001, Schat and Blossey 2005), modification of a number of these traits
has the potential to alter rates of pollinator visitation, which can also affect plant fitness,
albeit indirectly (Strauss 1997, Strauss and Irwin 2004). For example, changes in the height
of inflorescences may have consequences for pollen transport between undamaged plants and
those subjected to herbivory; Levin and Kerster (1973) reported assortative mating in L.
salicaria, with a significant correlation between the heights of plants visited by individual
pollinators. Also, plant height may affect the number and quality of foraging bouts conducted
by pollinators. Wolf and Hainsworth (1990) found that, in the species Ipomopsis aggregata
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(Pursh) V. Grant (scarlet gilia), inflorescence display height positively influenced
hummingbird visitation. Changes in floral display size in response to herbivory may also
affect pollinator visitation in L. salicaria; many studies have demonstrated that pollinator
visitation patterns respond to changes in the size of the floral display (Bell 1985, Stanton et
al. 1986, Møller and Eriksson 1995, Connor and Rush 1996, Dafni and Kevan 1997, Johnson
and Dafni 1998, Ohashi and Yahara 1998, Suárez et al. 2009). Furthermore, subsequent
delays in the onset of flowering, following herbivory, may affect overlap with the pollinator
community, potentially influencing access to effective pollinators (Sharaf and Price 2004).
The aim of this study was to examine the impacts of Galerucella herbivory on
pollinator visitation and fruit and seed production in L. salicaria. Plants in a natural
population were either exposed to herbivory, in ambient (Galerucella beetle) and mechanical
herbivory treatments, or protected from damage (to the extent possible) in a low herbivory
treatment. This was done to determine if direct changes in plant traits, due to Galerucella
herbivory, result in altered pollinator visitation and differences in fruit and seed production.
Since Galerucella herbivory has been shown to reduce total inflorescence length (Katovich
et al. 2001, Schat and Blossey 2005) and pollinator visitation tends to decrease with the size
of the floral display (reviewed by Ohashi and Yahara 2001), I expected that plants in the low
herbivory treatment would receive more visits by pollinators and produce more fruits and
seeds per fruit than plants exposed to higher levels of damage. This study adds to the
relatively limited body of empirical work that investigates the indirect effects of herbivory on
plant-pollinator interactions and pairs those observations with measures of fitness, such as
reproductive output (Strauss and Irwin 2004). These organisms represent an appropriate
study system, as sexual reproduction in L. salicaria is dependent on pollinator-mediated
interactions (Eckert and Barrett 1992, Eckert 2002) and Galerucella herbivory has
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previously been shown to alter plant traits (height, plant architecture, floral display size) that
may influence rates of pollinator visitation. Additionally, this system provides an opportunity
to investigate a potential mechanism (altered pollinator-mediated interactions) through which
a biological control agent may impact fitness in an invasive plant species.
Methods
Study species
L. salicaria is a perennial, clonal and heterostylous plant. Multiple stems, which each
reach 0.5-2.7 m tall, can arise from common underground rootstock annually (Thompson et
al. 1987, Mal et al. 1992, Blossey 1995a). On average, individual L. salicaria stems in the
study population produced hundreds of flowers during the flowering period, but not all
flowers were open at once (J. Russell-Mercier, personal observation). L. salicaria depends
on animal pollinators, since its primary mode of reproduction is sexual (Eckert and Barrett
1992, Eckert 2002), and seed production is necessary for L. salicaria to spread to new
habitats (Yakimowski et al. 2005). L. salicaria’s red-purple flowers have petals that are ~712 mm long (Gleason and Cronquist 1991) and are displayed on numerous spikes (Mal et al.
1992, Schat and Blossey 2005). L. salicaria's flowers are hermaphroditic and individual
plants are exclusively either one of three style morphs (short-, mid-, or long-morph) (Mal et
al. 1992). Although L. salicaria is mostly self-incompatible (due to trimorphic selfincompatibility), some seeds can be produced following self-pollination and there are
differences among style morphs in the degree of self-compatibility (both the long- and shortmorphs are less self-compatible than the mid-morph) (Darwin 1877, Stout 1923, O'Neil
1994, Ottenbreit and Staniforth 1994, Mal et al. 1999, Colautti et al. 2010). When selffertilization in L. salicaria results in seed production, seedlings exhibit significantly shorter
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leaves, significantly fewer leaves, and are significantly shorter than outcrossed seedlings
(O’Neil 1994).
Introduced beetles
Due to concerns over the negative effects of L. salicaria on North American
ecosystems (e.g., its ability to outcompete native flora and/or degrade habitat suitability for
some animals), several taxa of beetles, including the congeneric Galerucella calmariensis
and G. pusilla beetles, were released in the early 1990s in Canada and the United States for
the purpose of biological control (Malecki et al. 1993). The life cycles of G. calmariensis
and G. pusilla, which they complete on L. salicaria, are similar (Blossey et al. 1994, Blossey
1995b) (Figure 2.1). In Eastern North America adult Galerucella beetles emerge between
late May to early June (Lindgren et al. 2002), after overwintering near L. salicaria in the soil
(Lindgren 1999) or leaf litter (Blossey 1995b). Emerging adults feed on leaves and
meristems for approximately one week prior to the onset of oviposition (Blossey et al. 1994,
Blossey 1995b). Each day individual females can lay up to 10-12 eggs (Blossey 1995b),
which are laid on L. salicaria over a period of approximately 8-10 weeks, after which the
adults die (Malecki et al. 1993, Blossey 1995b). Larvae feed on meristems in addition to
leaves and various other tissues (Malecki et al. 1993, Blossey et al. 1994, Hunt-Joshi et al.
2002, Lindgren et al. 2002). Third instar larvae make their way into soil or leaf litter to
pupate (Malecki et al. 1993, Blossey et al. 1994, Lindgren et al. 2002, Hunt-Joshi et al. 2004)
for a period of 7-10 days (Lindgren 1999). From egg it takes approximately 4-6 weeks to
reach the adult stage of the life cycle (Kok et al. 1992, Hunt-Joshi et al. 2004). Prior to
returning to the soil or leaf litter for winter diapause, newly emerged adults feed on L.
salicaria (Hunt-Joshi et al. 2004). Within one year there is normally a single generation,
however, in some instances there may be a second generation (Kok et al. 1992, Hunt-Joshi et
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al. 2004), which has been observed in my study population (J. Russell-Mercier, personal
observation).
Study site
Empirical work was conducted at Cow Island Marsh (N 44o 34’ 9.70”, W 076o 19’
13.30”) on Lake Opinicon on the lands of the Queen’s University Biological Station in
Eastern Ontario. The study population covered an area of approximately 10,000 m2, with
approximately 3.7 ± 6.1 (SD) stems per m2 (averaged over 60 random 0.38 m2 plots). Species
co-occurring with L. salicaria at the study site included Decodon verticillatus (L.) Elliott.
(Lythraceae), Nuphar variegata Durand. (Nymphaeaceae), Nymphaea odorata Aiton.
(Nymphaeaceae), Scutellaria galericulata L. (Lamiaceae), Hydrocharis morsus-ranae L.
(Hydrocharitaceae), Galium palustre L. (Rubiaceae), Campanula aparinoides Pursh.
(Campanulaceae), Impatiens capensis Meerb. (Balsaminaceae), Asclepias incarnata L.
(Asclepiadaceae), Solanum dulcamara L. (Solanaceae), Mimulus sp. (Scrophulariaceae),
Sagittaria sp. (Alismataceae), Typha latifolia L. (Typhaceae), Calla palustris L. (Araceae),
various grasses, and sedges.
Herbivory treatments
105 L. salicaria stems were haphazardly selected throughout Cow Island Marsh in
the second week of June 2011. Stems were selected to be at least 1 m apart to reduce the
probability of including more than one stem from a given individual (following Haldane
1936, Eckert and Barrett 1992, Hermann et al. 1999). All stems included in the study
population were selected to be approximately the same height, with no visible meristem
damage. Moreover, included stems were visually inspected for Galerucella, and all detected
adults, larvae and egg masses were physically removed. Each stem was then covered with a
herbivore-exclusion sleeve, made of white no-see-um netting (Rose e Dee Ltd.) (Figure 2.2),
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and randomly assigned to one of three treatments (n = 35 per treatment): low herbivory,
ambient herbivory, or mechanical herbivory.
Herbivory treatments began during the third week of June, 2011. In the low herbivory
treatment, plants were inspected at least once a week for the presence of Galerucella beetles,
to ensure minimal feeding damage (i.e., detected Galerucella beetles were removed), until
pollinator observations were conducted. For the ambient herbivory treatment, seven
Galerucella larvae, collected from two different L. salicaria populations, were added to each
stem before the placement of the cover. The larvae were collected from the study population
at Cow Island Marsh and from a second population at Indian Lake, located approximately
1.5 km away from the study population. The larvae were transported in Petri dishes with L.
salicaria leaves and placed on ambient herbivory treatment plants within a few hours of
being collected. Seven larvae were chosen because it was the average number of larvae
counted on a haphazard sample of plants in the study population (n = 16). When placing the
larvae on ambient treatment plants I ensured that two larvae were added to the apical
meristem. For the mechanical treatment, once a week, for a period of three weeks, the apical
meristem of each plant was clipped with scissors and a leaf disk was taken from each leaf
that was large enough to have a leaf disk removed without cutting the leaf in two. At the end
of three weeks of applying mechanical damage, the average percent leaf damage (visual
estimate) of mechanical treatment plants was similar to that of haphazardly inspected plants
(n = 17) that were intermingled with the study population. Due to the loss (by suspected deer
trampling) of two low herbivory treatment plants early in the study, two replacement plants
were haphazardly chosen, cleaned of larvae, and covered with herbivore-exclusion sleeves.
Herbivore-exclusion sleeves were removed from all plants in the study population on
July 8 and 9, soon after the start of flowering, in order to perform the pollinator observations
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and allow plants to set seed. All herbivore-exclusion sleeves were removed at the same time
in order to reduce the potentially confounding effects of covering plants for different lengths
of time. A second generation of Galerucella beetles was observed after the herbivoreexclusion sleeves were removed. Plants in the study population were checked at least once a
week, and all detected eggs, larvae, and adults were removed, until pollinator observations
began. Beetles, eggs and larvae were removed during this period to limit pre-flowering
herbivory on the low and mechanical treatments and to minimize variation in herbivore
damage as much as possible. Occasionally Japanese beetles (Popillia japonica) were
observed feeding on plants in the study population.
Pollinator observations
Pollinator observations were conducted from July 26 through August 5, 2011, on
sunny/mainly sunny days without strong wind, between ~ 9:00 - 17:00 h (following King and
Sargent 2012). Each 30-minute observation period consisted of one observer recording the
identity and foraging behavior of pollinators on a single plant using a hand-held digital voice
recorder. Pollinators from five taxonomic groups (Bombus spp., solitary bees, Apis mellifera
(honeybees), Syrphid flies, and wasps) were observed visiting focal plants during pollinator
observations and, during foraging bouts, pollinators were classified to one of these groups
(following Da Silva et al. In Press). A visit was defined as a pollinator probing a flower and
contacting the stigma and/or anthers (following King and Sargent 2012). A foraging bout
was defined as a pollinator visiting one or more flowers on the focal plant. A total of 289
pollinator observation periods (144.5 hours) were conducted, during which time a total of
1164 foraging bouts and 6272 visits were recorded. Prior to each observation period the
following information was recorded: the number of open flowers per inflorescence on the
target plant; the height of the tallest inflorescence on the target plant (cm); the number of
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non-target L. salicaria and Decodon verticillatus flowering stems, and the number and
identity of co-flowering plants within a 0.38 m2 circular plot around the target plant.
Due to the delayed onset of flowering of some plants, and damage (browsing and/or
trampling by deer, etc.) to other plants, the sample size was reduced from 105 to 83 plants
(low herbivory: n = 26, ambient herbivory: n = 29, mechanical herbivory: n = 28). The
sequence of plants chosen for each day's pollinator observations were randomized and
Pearson χ2 tests indicate that there was no significant bias towards any treatment with respect
to observer (χ2 = 8.677, df = 12, p = 0.7302), date (χ2 = 13.669, df = 20, p = 0.8469), or time
of day (χ2 = 16.467, df = 14, p = 0.2857). There were no significant differences in the
densities of non-target L. salicaria (F = 0.7234, df = 2, p = 0.4883), D. verticillatus (F =
2.0540, df = 2, p = 0.1392), or combined total of the two species’ (F = 0.9931, df = 2, p =
0.3750) flowering stems surrounding each observed plant.
Fruit and seed production
Fruit was collected from all plants in the fall of 2011 after the maturation period, and
then stored in coin envelopes in a lab at the University of Ottawa. The height (cm) of the
tallest fruiting stalk on each plant was measured prior to fruit removal and the total length of
fruiting stalks was measured with a digital caliper (Mitutoyo Inc.). The number of fruits per
plant was recorded. Following Colautti et al. (2010), the number of seeds per fruit was
averaged among five randomly chosen fruits per plant, as exhaustive seed counting was
impractical. Seeds were counted using a custom written automated computer program,
implemented in MATLAB (The Mathworks Inc. 2009). The number of seeds per plant was
estimated by multiplying the number of fruits per plant by the average number of seeds per
fruit. The sample size for fruit and seed production was 80 plants (low: n = 24, ambient: n =
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27, mechanical: n = 29) due to loss of additional individuals in the weeks between pollinator
observations and fruits collection (due to browsing and/or trampling by deer, etc.).
Statistical analyses
Individual plants were used as the unit of replication for all analyses. Pollinator
visitation, fruit and seed production were analyzed as plant averages using one-way
ANOVA, weighted by the number of observations per individual plant, and with treatment as
a fixed effect. All observation periods were used to calculate the average number of foraging
bouts and the average number of flowers probed per plant per 30-minute period. However,
because analyses pertaining to the number of flowers probed per foraging bout and the
average number of switches among inflorescence per foraging bout were specific to the
behaviour of pollinators during individual foraging bouts, observation periods with 0
pollinator visitors were necessarily excluded from these particular (per foraging bout)
analyses. Seed counts were averaged for each plant. When necessary, data was transformed
to meet the normality assumption of parametric statistics (Quinn and Keough 2002). In some
instances Kruskal-Wallis tests were used to compare groups when data failed to meet the
normality assumption of parametric statistics. However, since ANOVA is robust against
violations of normality (Quinn and Keough 2002), and Kruskal-Wallace and ANOVA
provided quantitatively similar results, only ANOVA are reported. Welch’s ANOVA was
used when data were heteroscedastic. Post-hoc testing was conducted using Tukey’s HSD
test when significant differences were detected among treatments.
Regression analyses were used to examine relationships between plant traits that
could be categorized as continuous (number of flowers, number of inflorescences, and
height) and aspects of pollinator visitation patterns. Regression analyses were used because
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ANCOVA (with plant trait values as covariates) was not deemed to be an appropriate test, as
the covariates listed above were all confounded by treatment.
ANCOVA, weighted by the number of pollinator observation periods per plant, was
used to investigate the effects of the surrounding plant community on herbivore-mediated
changes in each measured aspect of pollinator visitation. L. salicaria and D. verticillatus
were the dominant species surrounding the focal plants and their densities were therefore the
only species included in ANCOVA. For each ANCOVA, the density of non-target L.
salicaria and D. verticillatus flowering stems within the 0.38 m2 plot was used as a
covariate, and treatment was a fixed effect. All analyses were performed in JMP (SAS 2012).
Results
Direct effects of herbivory
At the onset of the experimental period there were no significant differences in
average plant height (cm) among treatments (F = 1.2338, df = 2, p = 0.2969). However, there
were significant differences in mean height (cm) among treatments during pollinator
observations (F = 6.5686, df = 2, p = 0.0030). This difference was still detectable when fruits
were harvested at the end of the growing season (F = 3.3931, df = 2, p = 0.0387). The mean
height of plants in the ambient herbivory treatment was significantly lower than in either the
low or mechanical herbivory treatments during pollinator observations. At the end of the
growing season the mean height of plants in the ambient herbivory treatment was
significantly lower than plants in the low herbivory treatment (Figure 2.3). Mean plant height
did not significantly differ between the low and mechanical herbivory treatments at any
measured point in time.
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The number of inflorescences, as measured at the start of each pollinator observation
period, differed significantly among treatments (F = 11.6486, df = 2, p < 0.0001). The mean
number of inflorescences in the low herbivory treatment was significantly less than for the
ambient or mechanical herbivory treatments, which were not significantly different from
each other (Figure 2.4). Treatment also had a significant effect on the number of fruiting
stalks produced per plant (F = 5.6617, df = 2, p = 0.0051); low herbivory plants produced
significantly fewer fruiting stalks than plants in the mechanical herbivory treatment (Figure
2.4).
There was a significant effect of treatment on the date of first flower (F = 6.1884, df
= 2, p = 0.0033) and the mean number of open flowers during the period of pollinator
observations (F = 5.1402, df = 2, p = 0.0079). The onset of flowering was significantly
earlier in the low herbivory treatment, by approximately 6 days on average, than for either
the ambient or mechanical herbivory treatments (Figure 2.5A). During pollinator
observations, plants in the ambient and mechanical herbivory treatments tended to have more
open flowers than plants in the low herbivory treatment, but only the difference between the
mechanical and low herbivory treatments was significant (Figure 2.5B).
Pollinator community
Bombus spp. comprised 89.0%, 85.4% and 90.0% of the total number of pollinators
that visited low, ambient and mechanical herbivory treatment plants, respectively. Other
pollinator taxa visiting plants in the study population included solitary bees (1.5 - 4.8% of all
visitors), Syrphid flies (3.4 - 6.4% of all visitors), and wasps (2.8 – 3.1% of all visitors).
Honeybees made up a small percentage of the pollinator community (0.4% and 0.6%,
respectively, of visitors to the low and mechanical herbivory treatments), did not visit the
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ambient herbivory treatment plants, and were only recorded on four out of eleven
observation days. The remaining 0.4 – 0.6% of pollinators were unidentified (Figure 2.6).
Pollinator visitation
There were no significant differences among treatments in the number of foraging
bouts (defined as a pollinator visiting ≥ 1 flowers on a focal plant) per 30 minutes (F =
2.1676, df = 2, p = 0.1211). However, there was a marginally significant difference among
the three treatments in the average number of flowers probed per observation period (F =
2.9206, df = 2, p = 0.0597). In general, plants in the ambient and mechanical herbivory
treatments had more flowers probed per observation period than plants in the low herbivory
treatment (Figure 2.7A). In addition, there was a marginally significant difference among
treatments with respect to the number of flowers probed per foraging bout (F = 3.0150, df =
2, p = 0.0554). On average, the number of flowers probed was lowest in the low herbivory
treatment and highest in the mechanical herbivory treatment (Figure 2.7B). The herbivory
treatment had a significant effect on the mean number of switches among inflorescences per
foraging bout (F = 9.1939, df = 2, p = 0.0002). Specifically, pollinators made significantly
more switches among inflorescences in the ambient and mechanical herbivory treatments,
relative to the low herbivory treatment. There were no significant differences among
treatments in the average number of flowers probed per inflorescence visited (F = 2.2546, df
= 2, p = 0.1124).
When analyses were restricted to visits by Bombus species only, results were similar
as when all pollinator types were pooled. However, when Bombus species were exclusively
considered in the analyses of aspects of pollinator visitation, there was a significant effect of
treatment on the number of flowers probed per 30 minutes, with plants in the low herbivory

34
treatment receiving significantly fewer flowers probed than plants in the mechanical
herbivory treatment (F = 3.4481, df = 2, p = 0.0366) (Figure 2.7A).
It is unlikely that differences in pollinator visitation were due to the date or time of
day of the observations. There were no clear patterns for date or time of day effects across
plants that had 4 or 5 (the maximum number of observation periods per plant) observation
periods. Moreover, there were no significant differences in the date (χ2 = 13.669, df = 20, p =
0.8469) or time of day (χ2 = 16.467, df = 14, p = 0.2857) of observation periods across
treatments.
Effects of plant characteristics on pollinator visitation
There was a significant positive linear relationship among three key plant
characteristics (plant height, the number of flowers per plant and the number of
inflorescences per plant) and various aspects of the pollinator visitation data (Table 2.1). The
number of foraging bouts, the number of flowers probed (per 30 minutes and per foraging
bout), and the number of switches among inflorescences all increased as each of the
aforementioned plant traits increased in value. The average number of open flowers per plant
during pollinator observations explained the greatest amount of variation in the number of
foraging bouts and flowers probed. The average number of inflorescences per plant
explained the largest amount of variation in the number of switches among inflorescences
per foraging bout (Table 2.1). Collinearity existed among these traits as there were
significant positive linear relationships between the number of flowers (square root
transformed to achieve normality of residuals) and plant height (R2 adj = 0.26, F(1,79) = 28.39,
p < 0.0001), the number of flowers and the number of inflorescences (R2 adj = 0.77, F(1,81) =
283.83, p < 0.0001), and the number of inflorescences (square root transformed to achieve
normality of residuals) and plant height (R2 adj = 0.13, F(1,79) = 13.39, p = 0.0005).
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There is no reason to expect that style morph length affects pollinator behaviour.
Furthermore, style morphs were evenly distributed among each treatment as indicated by a
Pearson χ2 test (χ2 = 7.156, df = 4, p = 0.1279). Hence, morph was not included as a factor in
the analyses.
Relationships between plant community and pollination
The number of foraging bouts and the number of flowers probed per 30-minutes
increased positively with the density of surrounding L. salicaria and D. verticillatus
flowering stems (Tables 2.2 & 2.3). However, there was no statistically significant
relationship between the average number of flowers probed per foraging bout and the density
of surrounding L. salicaria and D. verticillatus flowering stems (Table 2.4). The herbivory
treatment had a significant effect on the number of flowers visited per foraging bout when
the densities of L. salicaria and D. verticillatus flowering stems surrounding focal plants
were considered in the analysis (Table 2.4). Specifically, during individual foraging bouts,
pollinators probed significantly more flowers in the mechanical herbivory treatment than in
the low herbivory treatment.
It is unlikely that differences among treatments in terms of pollinator visitation can be
attributed to the floral density of neighbouring plants. There were no significant differences
in the number of non-focal L. salicaria and D. verticillatus flowering stems surrounding
focal plants in each treatment during pollinator observations (F = 0.9931, df = 2, p = 0.3750).
Also, the p-value of herbivory treatment changes little between ANOVA (treatment as fixed
effect) and ANCOVA (treatment as a fixed effect; number of surrounding L. salicaria and D.
verticillatus flowering stems as the covariate) models.
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Fruit and seed production
Treatment did not have a significant effect on the total length of the harvested fruiting
stalks (F = 1.6090, df = 2, p = 0.2068). No statistically significant differences were found
among treatments in the mean number of fruits per plant (F = 1.8691, df = 2, p = 0.1612), the
mean number of seeds per five randomly chosen fruits (F = 0.2921, df = 2, p = 0.7475), or
the mean number of seeds per plant (F = 1.5623, df = 2, p = 0.2162). Because plants
produced different numbers of flowers, I also tested the number of fruits and seeds per length
of fruiting stalk, which should correlate with inflorescence length and the total number of
flowers produced per plant. However, as this did not change the results (i.e., there were no
significant differences among treatments in the number of fruits or seeds per total length of
fruiting stalks), I report only the number of fruits and seeds. There were significant positive
relationships between plant height and the number of fruits per plant (R2 adj = 0.39, F(1,79) =
52.0970, p < 0.0001), the number of seeds per fruit (R2 adj = 0.10, F(1,79) = 9.4779, p =
0.0029), and the number of seeds per plant (R2 adj = 0.46, F(1,79) = 69.5101, p < 0.0001).
Discussion
Herbivory, both mechanically and by Galerucella beetles, directly affected several L.
salicaria traits. Plant height, a potential measure of resource acquisition (Mitchell 1994), and
the timing of the onset of flowering, which may influence overlap with the pollinator
community (Sharaf and Price 2004), were negatively influenced by the ambient and
mechanical herbivory treatments. However, the ambient and mechanical herbivory
treatments had a positive impact on the number of open flowers (as measured during
pollinator observations) and inflorescences. Apex removal has previously been shown to
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increase the number of L. salicaria shoot meristems (Venecz and Aarssen 1998, Schat and
Blossey 2005), which may in turn develop into inflorescences.
Interactions between L. salicaria plants and pollinators were affected by the
herbivory treatments, as evidenced by an increase in the number of flowers probed (per 30minutes and per foraging bout) in the ambient and mechanical herbivory treatments,
compared to the low herbivory treatment. Other authors have also reported heightened
pollinator visitation to plants damaged by herbivores. In two separate studies, increased
nectar production was suggested as a potential cause of increased pollinator preference
towards plants exposed to root herbivory (Poveda et al. 2003, Barber et al. 2011). In the
current experiment, the observed differences in pollinator visitation were likely mediated
primarily by a difference in the number of open flowers among treatments as, of the plant
traits measured, flower number explains the greatest amount of variation in the number of
flowers probed per 30-minutes and per foraging bout. This result is consistent with previous
empirical work demonstrating a positive relationship between the number of open flowers on
a plant and the number of flowers visited by each pollinator (reviewed by Ohashi and Yahara
2001). Changes in plant architecture (the number of inflorescences), as a direct response to
herbivory, contributed to differences in the number of switches among inflorescences and, in
turn, the number of flowers probed in my study. There was no significant difference among
treatments in the mean number of flowers probed per inflorescence visited, but there were
significant differences in the number of switches among inflorescences per foraging bout.
Furthermore, the number of inflorescences was the strongest predictor of the number of
switches among inflorescences per foraging bout.
The number of foraging bouts and the number of flowers probed per 30-minutes
increased with the density of co-flowering L. salicaria and D. verticillatus flowering stems
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surrounding each focal plant. This suggests that the density of the co-flowering plant
community may be important for pollinator attraction and is consistent with previous studies
showing that density can affect pollinator attraction (Feinsinger et al. 1986, Klinkhamer and
de Jong 1990, Kunin 1997) and/or plant reproductive success (Knight 2004, Vázquez and
Simberloff 2004), possibly because pollinators can minimize energy expenditure by making
shorter inter-flower flights in patches with high densities of flowers (Klinkhamer and de Jong
1990). However, in the current experiment, there was no relationship between the number of
flowers probed per foraging bout and the density of surrounding L. salicaria and D.
verticillatus flowering stems, suggesting that once a pollinator initiated a foraging bout on a
L. salicaria plant, the density of co-flowering species did not influence the number of
flowers visited by that pollinator.
Despite significant differences in pollinator visitation among treatments, a difference
in fruit and seed production among treatments was not detected. This suggests that, relative
to the low herbivory treatment, female reproduction in the ambient and mechanical herbivory
treatments was not limited by resources, as a direct effect of herbivory, or by pollinator
visitation, as an indirect effect of herbivory. Poveda et al. (2003) also reported significantly
increased pollinator visitation, as an indirect effect of herbivory, without subsequent
significant differences in seed set. Furthermore, increased pollinator visitation does not
always reduce the pollen limitation of seed set. For example, in cucumber (Cucumis sativus)
plants that experienced root herbivory, Barber et al. (2011) reported both increased honeybee
visitation and heightened pollen limitation.
Several factors may have contributed to the lack of difference in fruit and/or seed
production in the current study. First, if baseline levels of pollinator visitation were such that
all plants received enough pollen to fertilize nearly all ovules, then higher levels of pollinator
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visitation in the mechanical and ambient herbivory treatments would not result in greater
numbers of fruits or seeds produced. Second, although depleted resources due to herbivory
can restrict ovule production, plants in the ambient and mechanical herbivory treatments may
have allotted a greater proportion of resources to ovule production in order to maintain
fitness achieved via female function (Lehtilä and Strauss 1999). Third, fruit abortion rates
may have been higher in the ambient and mechanical herbivory treatments, as fruit abortion
rates are significantly higher in branches subjected to defoliation, relative to non-defoliated
branches in some species (Stephenson 1980, Niesenbaum 1996). Higher fruit abortion rates
may arise from the resource limitation of fruit and seed production resulting from differences
in resource acquisition and/or allocation (Stephenson 1981, Willson and Burley 1983,
Niesenbaum 1996). However, it is unlikely that fruit abortion rates differed among
treatments because treatment did not have a significant effect on the number of fruits per
length of fruiting stalk (proxy for proportion of fruit per flower). Fourth, an increased sample
size for seed counts may have raised the power to detect a significant effect of treatment, if
one existed. Seeds were counted from 5 fruits per plant, which represents on average ~1.3%
of the fruits per plant (min = ~0.4% of fruits, max = ~38.5% of fruits). There were also error
rates associated with the seed counting program, but these were low as determined by a test
of 2307 seeds (false negative rate = ~2.9%, false positive rate = ~1.7%) (L. Remmler,
personal communication) and did not significantly differ among treatments. It is unlikely that
an increased sample size would have detected significant differences among treatments as
the p-value was very high, suggesting that the null hypothesis (no difference in the number
of seeds per fruit among treatments) was not very likely to be false. Furthermore, other
authors have reported no effect of Galerucella herbivory on the number of L. salicaria seeds
per fruit (Katovich et al. 2001).
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Differences among treatments in the number of flowers probed, both per 30-minutes
and per foraging bout, could have important effects on plant fitness by altering gene flow
(via pollen transfer and receipt) (Harder et al. 2001, Ohashi and Yahara 2001). The
probability of transferring self-pollen to stigmas rises with the number of flowers visited
during a given foraging bout (de Jong et al. 1993). Thus, female reproductive success may
have been negatively impacted as L. salicaria is partially self-compatible at low levels
(Darwin 1877, Stout 1923, Ottenbreit and Staniforth 1994, O'Neil 1994, Mal et al. 1999,
Colautti et al. 2010) and this species suffers from inbreeding depression; seeds produced by
self-pollination are of significantly reduced quality with respect to several growth parameters
(leaf size, number of leaves, and height – see O’Neil 1994). Furthermore, the number of
seeds produced per L. salicaria fruit is decreased by the deposition of self-pollen on stigmas
prior to receipt of outcrossed pollen (Nicholls 1987). Although there were no significant
differences in the number of seeds per fruit among treatments in the current study, it is
possible that if the number of flowers probed per foraging bout (and self-pollen deposition)
was higher, then herbivory may have indirectly reduced seed set.
Male fitness, which was not measured, may have been affected in distinct ways by
differences in the number of flowers probed per 30-minutes and per foraging bout, which
respectively influence both pollen export and pollen discounting (Ohashi and Yahara 2001).
For example, Rush et al. (1995) reported a significant positive linear relationship between the
number of visits conducted by bees and the amount of pollen exported from individual
flowers. Hence, increased pollinator visitation may have increased male fitness in the
ambient and mechanical herbivory treatments by increasing total pollen export and the
number of seeds sired per plant (Harder et al. 2001). The effect of pollinator visitation on
pollen export may differ among the three style morphs of L. salicaria. For example, in
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another tristylous species (Pontederia cordata), following initial visits, additional visits by
pollinators to individual flowers only had an effect on the amount of pollen removed in midlevel anthers (Harder and Barrett 1993).
An increase in the number of flowers probed per foraging bout, as observed in the
current study, may negatively affect male fitness by reducing the proportion of pollen that
sire seeds; as the length of a given foraging bout increases, the probability that pollen grains
are lost also increases (Biernaskie and Cartar 2004). For example, pollen may be groomed
off of pollinators’ bodies, buried under subsequently collected grains, or transferred within
the same plant (reviewed by Harder et al. 2001, Biernaskie and Cartar 2004). Pollen
transferred to stigmas of flowers on the same plant, defined as pollen discounting, in a selfincompatible species such as L. salicaria, is particularly detrimental to male fitness as those
pollen grains are no longer available for selfing or outcrossing (Harder and Wilson 1998,
Harder et al. 2001). Thus, the increased number of flowers probed per foraging bout in the
ambient herbivory and mechanical herbivory treatments, relative to the low herbivory
treatment, may have reduced male fitness by increasing the extent of pollen discounting. This
is likely, as plants in the mechanical and ambient herbivory treatments had more open
flowers (during pollinator observations) than plants in the low herbivory treatment and levels
of pollen discounting increases with the number of open flowers (Barrett et al. 1994, Harder
and Barrett 1995).
The ambient and mechanical herbivory treatments may have had additional unknown
effects directly on male fitness. For example, the damage imposed on plants may have
decreased the number of pollen grains per flower (Frazee and Marquis 1994, Strauss et al.
1996) and/or reduced the quality of pollen (Quesada et al. 1995, Mutikainen and Delph
1996) from damaged plants, relative to undamaged plants (also reviewed by Delph et al.
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1997). For example, herbivory can decrease rates of pollen tube growth from males that
experience herbivory, thereby making them less likely to fertilize ovules when competing
against pollen from undamaged males (Mutikainen and Delph 1996).
The results presented here contradict a previous conclusion that meristem damage
across a plant, caused by Galerucella larval feeding, at any intensity will reduce flower
production and, in turn, the total number of fruits and seeds produced in L. salicaria
(Katovich et al. 2001). However, although I found generally positive effects of ambient and
mechanical herbivory on L. salicaria rates of pollinator visitation, and no effect on seed or
fruit production, this does not imply that Galerucella are an ineffective biological control for
L. salicaria. Rather, as plant responses can vary under different extents of damage (Doak
1992), the levels of foliar and meristem damage imposed on plants during the experiment
may have been insufficient to reduce fruit or seed production. Moreover, it may be possible
that the effects of herbivory compound over time, such that multiple years of herbivory
reduce flowering, or that effects of herbivory are present even in the seasons following
feeding damage (Strauss 1991, Karban and Strauss 1993). Thus, if the extent of herbivory
applied in the current experiment was greater within the season and/or if herbivory
treatments were applied over multiple years, then fruit and seed production may have been
reduced as it has been shown that Galerucella herbivory can reduce or prevent flower
production and, in turn, reproductive output (Lindgren 1999, Landis et al. 2003, Katovich et
al. 2001). Abiotic environmental conditions may have also contributed to the observed
responses of L. salicaria to the ambient and mechanical herbivory treatments (e.g., Halpern
et al. 2010, Brody and Irwin 2012). Finally, it is not known if the herbivory treatments
facilitated native flora by reducing other aspects of L. salicaria’s competitive ability, such as
changing light or nutrient availability. For example, feeding by Galerucella beetles upon L.
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salicaria can result in more light penetrating through the canopy that may be accessible to
other plants (Hunt-Joshi et al. 2004).
There were no detectable differences between the mechanical and ambient herbivory
treatments, with the exception of inflorescence height. This indicates that these two
treatments affected the plants in a similar fashion, contrasting Schat and Blossey (2005). It is
likely that the difference is owing to the fact that Schat and Blossey (2005) did not damage
meristems. Venecz and Aarssen (1998) studied the effects of removing L. salicaria shoot
apices and found that clipping of all apices prior to flowering delayed the onset of flowering
by approximately one month, significantly reduced plant height, and significantly increased
the number of shoots. Their pre-flowering clipping treatment did not significantly affect the
number of inflorescences produced, as was found in my experiment, but the level of apex
removal (all apices clipped) was more severe than any of my treatments. Although I did not
manipulate larval and adult Galerucella herbivory independently, my experimental results,
taken in conjunction with the work of Schat and Blossey (2005) and Venecz and Aarssen
(1998), suggest that many of the effects of Galerucella herbivory, both direct and indirect,
are mediated by larval feeding on meristems instigating the release of apical dominance.
Conclusions
The results of this experiment indicate that Galerucella beetle herbivory directly
affects L. salicaria traits, which is consistent with previous reports (Blossey and Schat 1997,
Katovich et al. 2001, Landis et al. 2003, Schat and Blossey 2005). The mechanical and
ambient herbivory treatments had similar effects on plant traits, which suggests that plant
responses to Galerucella herbivory are induced by physical leaf area removal and meristem
damage, rather than by chemical cues received from the beetles (see Van Zandt and Agrawal
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2004, Voelckel and Baldwin 2004). Direct effects of Galerucella herbivory on L. salicaria
include reduced biomass (Blossey and Schat 1997), reduced height (Blossey and Schat 1997,
Schat and Blossey 2005), and altered biomass allocation (Blossey and Schat 1997) in
addition to reduced flower and, in turn, fruit production (Katovich et al. 2001). Moreover, the
work presented here demonstrates that herbivory by Galerucella beetles has the potential to
indirectly affect pollinator-mediated fitness in L. salicaria, as demonstrated by increased
pollinator visitation to the ambient and mechanical herbivory treatments compared to the low
herbivory treatment. The effect of increased pollinator visitation was likely mediated by
increased inflorescence and flower production following herbivory. I did not detect an effect
of herbivory on fruit and seed production. However, additional effects of increased pollinator
visitation on L. salicaria may be present, such as reduced male (i.e., increased pollen
discounting) or female (i.e., increased inbreeding) reproductive success. Thus, this study
highlights the importance of considering and investigating multispecies interactions when
attempting to understand or predict the effects of biological controls on the invasive species
that they are intended to control (also see Swope and Parker 2012). Furthermore, this study
adds to the growing body of literature on multispecies interactions and is one of relatively
few experiments to demonstrate increased pollinator preference towards plants subjected to
herbivory (but see Poveda et al. 2003, Poveda et al. 2005, Barber et al. 2011).
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Table 2.1. Least-squares regressions among plant traits and aspects of pollinator visitation.
Note: some results are not presented because residuals were not normally distributed.
Plant trait
Aspect of pollinator
visitation

No. flowers

No. inflorescences

Height (cm)

Mean No.

R2 adj

0.57

0.46

0.31

foraging bouts per

F(1,81)

111.50

71.83

36.121

per 30 min3

p

< 0.0001

< 0.0001

< 0.0001

Mean No.

R2 adj

0.74

0.60

0.30

flowers probed

F(1,81)

229.44

121.84

35.111

per 30 min3

p

< 0.0001

< 0.0001

< 0.0001

Mean No.

R2 adj

0.40

0.29

0.06

flowers probed

F(1,72)

50.15

30.17

6.00

per foraging bout4

p

< 0.0001

< 0.0001

0.0167

Mean No. switches

R2 adj

0.49

among inflorescences

F(1,72)

72.51

per foraging bout3

p

1

F(1,79), not F(1,81)

2

F(1,71), not F(1,72)

< 0.0001

3

Response variable was square root transformed.

4

Response variable was log transformed.
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Table 2.2. Results of an ANCOVA of the effects of herbivory treatment and flowering plant
community on the number of foraging bouts performed by pollinators to individual L.
salicaria plants during 30-minute periods. Plants were the unit of replication and the
ANCOVA was weighted by the number of observation periods per plant. Note: the response
variable was square root transformed.

1

Source

Df

SS

F

P

Treatment

2

7.5794

1.8161

0.1696

No. non-focal flowering stems1

1

42.5116

20.3720

<0.0001

Treatment * No. non-focal
inflorescences1

2

8.2405

1.9745

0.1458

The number of non-focal L. salicaria and D. verticillatus flowering stems within a 0.38 m2

plot around the focal plant.
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Table 2.3. Results of an ANCOVA of the effects of herbivory treatment and flowering plant
community on the number of L. salicaria flowers probed by pollinators during 30-minute
periods. Plants were the unit of replication and the ANCOVA was weighted by the number
of observation periods per plant. Note: the response variable was square root transformed.

1

Source

Df

SS

F

P

Treatment

2

100.1785

2.9344

0.0591

No. non-focal flowering stems1

1

112.4217

6.5860

0.0122

Treatment * No. non-focal
inflorescences1

2

103.9282

3.0422

0.0534

The number of non-focal L. salicaria and D. verticillatus flowering stems within a 0.38 m2

plot around the focal plant.
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Table 2.4. Results of an ANCOVA of the effects of herbivory treatment and flowering plant
community on the number of L. salicaria flowers probed by pollinators during individual
foraging bouts. Plants were the unit of replication and the ANCOVA was weighted by the
number of observation periods per plant. Note: the response variable was log transformed.

1

Source

Df

SS

F

P

Treatment

2

4.5694

3.4242

0.0383

No. non-focal flowering stems1

1

0.2740

0.4107

0.5238

Treatment * No. non-focal
inflorescences1

2

2.9080

2.1792

0.1210

The number of non-focal L. salicaria and D. verticillatus flowering stems within a 0.38 m2

plot around the focal plant.
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A

B

C

D

Figure 2.1. Photographs of various life-history stages of Galerucella beetles observed at Cow
Island Marsh in 2011: A) adults mating, B) eggs oviposited on L. salicaria leaves (courtesy
of K. Fowler), C) larva feeding on L. salicaria meristem, and D) larva feeding on L. salicaria
leaf.
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B
A

Figure 2.2. Photographs of A) a section of the study site, Cow Island Marsh, with multiple L.
salicaria stems covered with no-see-um netting and B) a close-up of an individual L.
salicaria stem covered with no-see-um netting.
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Figure 2.3. Mean (+/- SE) height of L. salicaria plants among three herbivory treatments at
three points in time. Note: lettering is specific to each time point and does not make
comparisons among time points. Bars that are not connected by the same letter are
significantly different (p < 0.05).
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Figure 2.4. Mean (+/- SE) number of inflorescences on L. salicaria plants in three herbivory
treatments during pollinator observations and by the end of the growing season. The total
number of inflorescences produced by the end of the growing season was inferred from the
total number of fruiting stalks collected. Note: lettering is specific to each time point and
does not make comparisons among time points. Bars that are not connected by the same
letter are significantly different (p < 0.05).
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Figure 2.5. Mean (+/- SE) (A) Julian date of first flower (n = 76) and (B) number of open
flowers during pollinator observations (n = 83) in L. salicaria plants in three herbivory
treatments. Note: lettering is specific to each panel. Bars that are not connected by the same
letter are significantly different (p < 0.05).
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Figure 2.6. Taxonomic composition of pollinators that visited L. salicaria plants in three
herbivory treatments (n = total number of pollinators observed within each herbivory
treatment).
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Figure 2.7. Mean (+/- SE) number of flowers probed, grouped by all pollinator taxa and by
Bombus spp., (A) per 30 minutes and (B) per foraging bout on L. salicaria plants in three
herbivory treatments. Note: lettering is specific to each taxa grouping within each panel and
does not make comparisons among the taxa groupings. Bars that are not connected by the
same letter are significantly different (p < 0.05).
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CHAPTER 3: Conclusions and Future Directions
The work presented here demonstrates that Galerucella beetle herbivory can result in
changes to floral traits that are correlated with changes in pollinator visitation to L. salicaria.
Differences in pollinator visitation were likely mediated by the direct effects of herbivory on
the size and architecture of floral displays. While herbivory apparently indirectly altered
pollination, there was no detectable effect on fruit or seed production. Future research should
focus on additional mechanisms by which Galerucella beetles may affect fitness in L.
salicaria. The areas of research described below will help to elucidate the effects of
Galerucella on total plant fitness, will increase our ability to predict the effectiveness of this
species as a biological control agent, and will add to the growing body of literature on
multispecies interactions.
A further understanding of the effects of herbivory on L. salicaria reproductive
success may be gained by examining offspring quality. If increases in the number of flowers
probed per pollinator caused higher rates of within plant fertilization, then I would expect to
see differences in seedling quality (height, number and size of leaves (see O’Neil 1994)).
Pollen limitation, or a lack thereof, may have contributed to the observation of no
effect of herbivory on fruit or seed production. If there is no impact of herbivory on pollen
limitation, this limits the potential for related changes in pollinator-mediated interactions to
influence female fitness. Thus, future research should pair an experiment similar to the one
described in this thesis with a pollen supplementation experiment (Burd 1994, Ashman
2004), where some plants receive hand-applied outcross pollen and other plants are open
pollinated (naturally by the pollinator community) (e.g., Mothershead and Marquis 2000,
Kessler et al. 2011). Such an experiment will determine if reproduction is limited by
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pollinator visitation and if there are differences in the degree of pollen limitation between
plants exposed and plants unexposed to herbivory (Burd 1994).
It is not known if the observed responses in our study population to Galerucella
feeding could vary under different environments (e.g., Halpern et al. 2010, Brody and Irwin
2012). For example, ovule, and therefore seed, production may be limited by resource levels
or patterns of allocation (Stephenson 1981, Willson and Burley 1983, Niesenbaum 1996),
which can be negatively impacted by herbivory (Lehtilä and Strauss 1999). Furthermore,
Halpern et al. (2010) noted that their recent work suggests that plant responses to herbivory
may be constrained by the environment. For example, in their study, a response of Nicotiana
quadrivalis plants to herbivory (increased nectar production) was not expressed in a
treatment that mimicked drought conditions, but was expressed in a treatment with high
levels of watering. Future studies should focus on the potential for herbivory by abiotic
interactions through a fully-factorial experiment crossing herbivory with manipulations of
physical conditions, such as water levels and nutrient availability, as these factors can
influence plant growth (e.g., Brody and Irwin 2012). Such an experiment would determine
whether responses observed in the present study vary with environmental conditions.
Examining effects of herbivory on male fitness, i.e., pollen export, which was not
examined, but which is expected to be more sensitive to differences in pollinator visitation
than female fitness (Bateman 1948, Willson and Burley 1983, Bell 1985, Stanton et al.
1986), would make an excellent next step. As previously discussed, herbivory may lead to a
reduction in pollen production (Frazee and Marquis 1994, Quesada et al. 1995, Strauss et al.
1996, Lehtilä and Strauss 1999), which will decrease the maximum potential number of
seeds that can be sired by a given male (Delph et al. 1997) and may also affect pollinator
visitation, which in itself may affect the number of seeds sired (Strauss 1997). Moreover,
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reduced allocation may decrease the competitive ability of pollen, relative to plants that are
not fed upon by herbivores (Quesada et al. 1995, Mutikainen and Delph 1996). Also, in the
current study, an increase in the number of flowers probed per unit time in the high and
ambient herbivory treatments, compared to the low herbivory treatment, may have positively
impacted male fitness (e.g., increased total outcrossing (Harder et al. 2001)). However,
because each pollinator visited more flowers per foraging bout, male fitness may have been
negatively impacted in the ambient and mechanical herbivory treatments relative to the low
herbivory treatment due to increased pollen discounting, as described in Chapter 1 (Strauss
1997, Harder and Wilson 1998, Ohashi and Yahara 2001, Harder et al. 2001, Biernaskie and
Cartar 2004).
Future studies should also focus on identifying the specific floral traits that are key to
pollinator visitation in this system. To achieve this, experiments could be designed to
manipulate specific floral traits while controlling for others. For example, manipulating the
number of open flowers while keeping the number of inflorescences constant would serve as
a test of the hypothesis that differences in the number of flowers probed among treatments
were largely mediated by differences in the number of open flowers. Also, it would be
important to determine if pollinators are responding to additional cues that may be affected
by herbivory, such as nectar volume (Krupnick et al. 1999, Halpern et al. 2010).
Assortative mating by height can occur in L. salicaria; one study found that bees tend
to switch among inflorescences that vary by less than approximately 6.35 cm in height
(Levin and Kerster 1973). Therefore, it would be useful to determine whether the changes to
plant height resulting from herbivory also influence gene flow among individuals that suffer
different levels of herbivore damage. Plants in the low herbivory treatment of the present
study averaged 17.25 cm and 5.85 cm taller than plants in the ambient and mechanical
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treatments, respectively, which opens the potential for assortative mating for damage history
to occur. However, it is important to note that alterations in gene flow among my treatments,
due to differences in height, may be weak or non-existent for several reasons. First, plant
height in my study was based on the tallest inflorescence on each plant, but plants generally
produce multiple inflorescences. Thus, although there was a significant effect of treatment on
the height of the tallest inflorescence, there may be a greater extent of overlap when the
distributions of the heights of other inflorescences are considered. Second, the variation
within each treatment was such that there was some degree of overlap in maximum plant
height among treatments.
Plant responses to herbivory vary depending on the intensity of feeding damage
(Doak 1992). For example, Schat and Blossey (2005) explored the impact of the percentage
of L. salicaria leaf removed by herbivores (by manipulating Galerucella larval density) and
found that there was a significant negative relationship between plant height and the percent
of leaf area removed. In the same study, as the level of damage increased, the total length of
inflorescences decreased, while the total number of inflorescences increased. Thus, traits that
are important for altering pollinator behavior (e.g., total inflorescence length and hence the
number of flowers) can vary with the extent of herbivore induced damage. It is therefore
reasonable to expect that the indirect effects of herbivory (altered pollinator visitation) may
also be influenced by the degree of herbivory. It would be useful to experimentally alter the
extent of herbivory damage to determine the threshold level of herbivory, above which
various aspects of L. salicaria fitness are negatively affected.
The influence of the local ecological community on the response of L. salicaria to
Galerucella herbivory is an additional direction of future research. For example,
neighbouring plants may compete with L. salicaria, possibly altering the direct responses of

69
L. salicaria to herbivory (e.g., Hjälten et al. 1973, Boege 2010). Furthermore, the plant
community may affect the rate of pollinator visitation to plants that are damaged by
herbivores. Indeed, I found that there was significant positive linear relationship between the
density of co-flowering species and the number of foraging bouts and the number of flowers
probed per 30-minute period. Thus, in cases where herbivory reduces pollinator visitation
(e.g., decreased flower production, degraded flower appearance, etc.), the surrounding plant
community may ameliorate the reduced attractiveness of plants and influence the number of
pollinators that visit a patch of plants. Furthermore, it would be useful to determine if plant
community composition alters the efficacy of Galerucella beetles as a biological control
agent. For example, Hambäck et al. (2000) found that the presence of the plant Myrica gale,
which may make L. salicaria more difficult to locate, reduces the extent of Galerucella
damage to L. salicaria.
The empirical work presented in this thesis demonstrates that feeding by Galerucella
beetles, an introduced biological control agent, can affect pollinator visitation to the invasive
L. salicaria. This effect is likely mediated by changes in plant architecture and floral display
size. Increased pollinator visitation to plants in the ambient and mechanical herbivory
treatments did not lead to increased fruit or seed production. However, it remains unclear
whether an increase in the number of visits per unit time and per foraging bout had the effect
of increasing or decreasing overall plant fitness. Future work on the areas highlighted in this
chapter will increase our understanding of the effects of herbivory on pollinator-mediated
plant fitness in this system. In particular, examining the indirect effects of herbivory on male
and female fitness, mediated by pollinators, will reveal whether the negative impacts of
Galerucella feeding on L. salicaria (e.g., reduced height, delayed onset of flowering, etc.)
are exacerbated (i.e., increased selfing) or partly ameliorated (i.e., increased outcrossed siring
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success) by differences in pollinator visitation following herbivory (see Morris et al. 2007).
Furthermore, these areas of research should elucidate the conditions (e.g., extent of feeding
damage; water and nutrient availability; and community composition) under which L.
salicaria’s responses to herbivory, and thus plant-pollinator interactions, may differ.
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