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ABSTRACT

Plants are fed upon by a range of insect foragers, including herbivores and pollinators.
Because herbivores damage plant parts and pollinators transfer pollen anms\gpfdats
generally benefit by avoiding herbivores and attracting pollinators. Throtgactions with
their host plants, herbivores and pollinators can influence the expression and evolutioh of pla
traits. While there is a substantial body of research on plant-herbivore atgglaator
interactions, and increasing appreciation for the joint effects of herbivadgsodlinators on
plants, there are still aspects of plant-pollinator-herbivore interactionsainagnt attention,
including the persistence of effects beyond the year in which the interactiomen;¢he effects
of variability in herbivory and pollination on the evolution of plant traits, and the effécts
herbivores and pollinators on asexual reproduction in plants.

Ecological interactions between foragers (pollinators and herbivores) and mbst pla
make possible a network of feedbacks in which foragers both influence and respond to plant
traits. These feedbacks can link the plant traits to which foragers respond, and ttgdpmay
explain observed variation in plant traits. Interactions among plants, herbivatgslanators
have been well documented, but addressing interactions among all three acossa/sargle
system is rare. Across year effects are particularly importaaulse single-year studies might
misinterpret plant responses to their environment. In chapter two | detseoilexperiments
using the perennial pla@thamerion angustifoliurthat address plant-forager interactions. In one
| manipulated herbivory and pollen receipt to quantify forager effects on plaatanaitin
another | manipulated plant size and flowering phenotype to quantify forager redfonse
pathways of interaction between plants and insects both within and across ygggEstisg the
potential for feedback between foragers and plant traits. Results suggestitbaollinators
prefer plants with more flowers, and pollen receipt results in smaller plartis;dres cause size
overcompensation and flower reduction. Together these effects of both herbivores and
pollinators may help maintain intermediate values of size and flowerinsg} trai

Environmental conditions can have a profound influence on plant fithess, and can vary
substantially in time. When environmental variability is unpredictable, thatisn plants have
no cues as to upcoming environmental conditions, they should evolve a bet-hedging strategy t
deal with environmental variability. In chapter three, | constructed a &iimnimodel to address
the evolution of the timing and pattern of resource allocation (allocation schetugnual and
perennial plants under stochastic variability in herbivory and pollination. Both herlaindry
pollination can be highly variable in space and time, but we don't fully understand how this
variability influences the evolution of plant traits. | found that annual plamtgefilater in the
growing season and perennial plants have early and prolonged flowering under high
environmental variability. | found that across-year variability setefrelate flowering in
annuals and for early and prolonged flowering in perennials, suggesting that ipogudat
annuals and perennials should evolve different types of allocation schedules under variable
herbivory and pollination.

The biotic environment plays an important role in whether a species will bable
invade a new habitat. Herbivores and pollinators may influence the spread cipgeiets by
influencing allocation to reproduction. Many plants reproduce both sexually anchligeand
the mode of reproduction a plant expresses can influence colonization of and esgattlishm
new habitats. In chapter four, , | describe a series of studieskisimyprnia crassipegwvater
hyacinth) to examine the effects of pollination and simulated (manual) Ewdadult herbivore
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damage on plant growth, sexual and asexual reproduction, and herbivore resistdniverds
and pollinators are known to influence a wide variety of plant traits, but despite thé¢ainggor
of mode of reproduction for plant population dynamics, we know little about how clonal plants
respond reproductively to herbivory or pollination. | conducted surveys of natural popaitation
assess differences in allocation pattern, herbivore damage, and herbisstaacesand used a
common garden experiment to determine if differences in allocation patteristanes are due
to environment or among-population genotypic differences. | found that the danmagp&ing
larval feeding generally shifted plant responses toward asexual repoogudtile adult-type
damage and pollination had no effect, demonstrating that plant foragers and ifbeaggr can
have important, but as yet incompletely understood, effects on asexual plant reproducti
Although there is a large body of research on plant-herbivore and plant-pollinator
interactions, there remain complexities in these interactions thanwéurther research. Results
from my dissertation demonstrate that (1) multi-year studies on perennial gtamecessary to
understand the effects of foragers on perennial plants, (2) forager variaiglityhave
important effects on the evolution of plant traits, and (3) foragers can have im@bitats on
plant asexual reproduction.
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CHAPTER ONE
INTRODUCTION

Plants and plant-feeding insects together comprise half of known macrospepies
(Bernays and Chapman, 1994). Many insects depend on plant hosts for food, sometimes
spending their entire life cycle on a single host plant species (for exahmgpkenita mothipiga
virescenson senita cactuachycereus schottior the false potato beelleptinotarsa junctan
Carolina horsenettl8olanum carolinengeAll plant parts can in turn be fed upon at any life
stage, and insects may feed on any plant part. Insects foraging on plantsrgalarat
phenotype (Agrawal, 2001), population dynamics (Crawley, 1989), and evolution §Sirails
Agrawal, 1999). Although herbivores are commonly recognized as plant foragers, pollinators
also forage at host plants, and can also alter plant phenotype (Ladio and AizeiGlagdand
Husband, 2007) and evolution (Galen, 1989). Understanding interactions between insect forager
behavior and the expression and evolution of plant traits is important for explainingittenar
in plant traits we see in nature, how the biotic environment shapes that variation, and how host
plants mediate forager interactions.

Flowering plants making use of insects as pollination vectors must invest in foollina
attraction and reward, offering large floral displays (Conner and Rush, 1996)(Awcdrdawset
al., 2007), or nectar (Cresswell, 1999) to entice pollinators, but attractive trgitslsosoe
detected by antagonists including seed predators (Juehgker2005) and herbivores (Milleat
al., 2008). Because plants attract insect foragers but are influenced by theth pkants can
mediate indirect interactions between foragers. For example, pollinatatiorscan decrease
following herbivory (Lehtila and Strauss, 1997; Steets and Ashman, 2004). Inseetsarag
therefore alter phenotypic expression of plant traits and act as agenectbaethese joint
effects might prevent the evolution or expression of plant trait values that wouldzeptim
attractiveness to pollinators and avoidance of herbivores.

Across-year effects of herbivores and pollinators (from one growing seaguoariext)
might cause plant traits to be poorly matched to current forager environmentsskFeasan,
single-year studies of perennial plants (which are common) can misintigetuse of
ecological variation in plant traits (Knigkt al, 2006). Quantifying plant-forager interactions
both within and across years should help to more fully explain variation in plant size and
flowering traits among years or locations. Multi-year studies of peakplaints are essential not
only to assess across-year effects but also to capture the effects obterapability in
herbivory and pollination. Herbivory and pollination are known to vary in both time and space
(Huntly, 1991; Priceet al, 2005), and this variance have important effects on lifetime plant
fitness and thus the evolution of plant traits (Via and Lande, 1985; Moran, 1992). Measuring
lifetime patterns in long-lived plants, however, is quite challenging. Olitynmaodels offer a
way to predict the evolution of plant traits in complex environments, and have given us
expectations for how annual and perennial plants should evolve when the environment does not
vary (Cohen, 1971), and when it does (King and Roughgarden, 1982; Wong and Ackerly, 2005).
While previous models do address stochastic variability in season length (whisndptadue to
the end of the season, for example by frost; hereafter "end-of-season"udoratise, models
have not yet looked at antagonistic effects (like herbivory) and mutuafigtotse(like
pollination) simultaneously varying across time. Because herbivores dméjoos both interact
with plants, including them both in models predicting plant trait evolution is important.



Plant size and flowering responses are frequently the focus of host plamri@search.
These traits can be important for plant performance and fitness, but many pevdsice
asexually as well as sexually. Clonal plants (those which do some asexaduotion) are
common, and mode of reproduction for clonal plants can have important implications for plant
population spread through dispersal ability and offspring establishment rkss@B; 1997,
Herrera and Nassar, 2009). The effect of herbivores and pollinators on plant mode of
reproduction could therefore inform our understanding of plant population responses to
herbivory and pollination, and would be especially important for predicting how invasivie pl
populations might respond to herbivores and pollinators in a new range. We still kleow litt
about clonal plant responses to herbivory and pollination, but some research suggestasdhat s
reproduction may be compromised by herbivory while asexual reproduction is not @neye
Root, 1993; Brathen and Junttila, 2006; Was@l, 2006). If herbivory or pollination can alter
investment in both modes of reproduction they need to be taken into account in trying to
understand causes of variation in plant traits.

In this dissertation | describe field experiments and a mathematical adutfessing the
influence of insect herbivores and pollinators on the expression and evolution of planirtrait
the study described in chapter two, | manipulated herbivory, pollination and plaatifigvand
size traits i"Chamerion angustifoliurto investigate within- and across-year relationships
between foragers and their host plants. | address how traits important for plamhpece
respond to changes in herbivory and pollination, how herbivore and pollinator behavior are
influenced by plant traits, and how plants mediate indirect interactions betweerores and
pollinators, both within a single season and in the season following manipulations.tirdghe s
described in chapter three, | develop a stochastic simulation model thatidesdfitness
outcomes for annual and perennial plants across a range of allocation scteedidesh,
reproduction, and storage under different levels of variability in herbivory and polingfith
this model | address how biotic environmental variability interacts withatltwttiming
schedules to influence selection on plant traits. In the study described in ¢bhaptéer
manipulated damage and pollination receivedElmhhornia crassipeand measured plant
allocation to growth, sexual reproduction, asexual reproduction, and resistaricéése
experiments | address how amount and type of damage, as well as pollinatiarmaéfe of
reproduction in a clonal invasive flowering plant. As a whole, this dissertatiomsfour
understanding of how insect herbivores and pollinators interact with plants tovagat®n in
plant traits, and how plant traits mediate interactions between herbivoreslanators.



CHAPTER TWO
PLANT-FORAGER INTERACTIONSWITHIN AND ACROSS YEARS
INTRODUCTION

Many terrestrial flowering plants must both attract pollinators and avoidvioeelsi This
is a challenge because ecological interactions with both of these typeagaréocan link the
plant traits to which these foragers respond. For example, larger plant siwarrdize may
attract the beneficial services of pollinators but may also make anptaetapparent to
herbivores, and therefore at a greater risk for damage (e.g., &tidy 2008). It is known that
both types of foragers respond to plant size and flowering traits: herbivores anat@ican
be attracted to taller plants (Carromero and Hamrick, 2005; Juehgkr2005) and to plants
with larger floral displays (Milleet al, 2008). Considering the simultaneous effects of
antagonists and mutualists can reveal patterns that considering just one gneupithinot
reveal (Lehtila and Strauss, 1997; Steets and Ashman, 2004; Strauss and Murch, 2004). The joint
effects of antagonists and mutualists are perhaps most clear when ansiegiepecies acts in
both roles, for example in pollinating moths that lay eggs on host plants, such as theeé#nit
Upiga virescen®n senita cactuBachycereus schottir the hawk motitManduca sextan
tobaccoNicotiana attenuataNicotiana attenuatdnas been shown to alter its flowering time in
response td1. sextadamage in order to attract a different pollinator species (Kestsiby
2010).

Traits of individual plants are also known to change in response to damage or pollination.
Herbivores generally have negative effects on traits like heigha{@cl Blossey, 2005), flower
number (Quesadet al, 1995), flower size (Steets and Ashman, 2004), and fruit number (Wise
and Sacchi, 1996). However, overcompensation, or increased growth or reproduction irerespons
to herbivory, has also been demonstrated (Paige and Whitham, 1987etG&dp001). Pollen
receipt can reduce the number of open flowers (Clark and Husband, 2007) and subse@uent nect
production (Ladio and Aizen, 1999), and also has well-recognized positive effectsl@esee
(Campbell and Halama, 1993).

Because foragers both influence and respond to plant traits, they can influence one
another indirectly via plant traits. Damage has been frequently shown to dquyiiastor
attraction by reducing flower number or size (Lehtila and Strauss, 19@fs 8tel Ashman,

2004), making herbivores doubly detrimental to plants as they both consume plant parts and
reduce attractiveness to pollinators. Positive indirect effects of polighan fruit-eating
mammalian herbivores have been found (Herrera, 2000), but to our knowledge effects of
pollinators on leaf herbivores remain unexplored.

Just as indirect effects might complicate interpretation of foragestefa plant traits, so
might correlations between different plant traits. In most cases whelaianship between
plant size and flowering has been found, size correlates positively withrithgwe.g., Herrera,

2004), perhaps because size influences photosynthetic capabilities and di¢l®zaesource
pool. Thus feedback between plant traits and forager behavior and correlations ambingifga
provide a network of pathways by which foragers might influence variationdrasiz flowering
traits both in the short term (e.g., differences in trait expression among envirsharghtong
term (e.g., evolution of plant traits). While most potential pathways foogical feedbacks
between herbivores, pollinators and plant size and flowering traits witimgla growing



season have been well explored, studies have rarely considered more than a fesv of the
pathways at once (but see Straesal, 1999; Milleret al, 2008). Thus there is still much to
explore about how many of these pathways are likely to co-occur and intefrantangtiven
system.

If interactions with pollinators, herbivores, or both induce plant responses inathe ye
following the interaction, plant traits might be poorly matched to theientiforager
environment, and single-year studies may misinterpret the cause ofiegblagiation in
perennial plant traits. Short-term studies, for example, may overestaifiatt size of pollen
limitation (Knightet al, 2006). While measuring lifetime traits in perennial plants is
challenging, single-season studies of perennial plants are common. Forglglamts, some
pathways of effects may even be more likely to occur across, rather tham yeiduis.
Pollinators, for example, generally interact with plants later in theiggoseason relative to leaf
herbivores, which are typically present in some form throughout the growing seasomebns
that pollinators may be less likely to strongly influence the behavior of heglsibgrchanging
plant traits within a season, but investment in fruit following pollination may ahits in later
seasons (e.g., Lehtila and Syrjanen, 1995). While it is thus plausible thattiefieets between
forager types might occur in one direction within years, and in another dir@cioss years
(e.g., herbivores might affect pollinators within years, but pollinators mitgdtdnerbivores
across years), cross-season effects of pollinators on herbivores havennexiles=d, perhaps
because most studies use annual plants for which across-year effects gpatttonthrough
seeds.

Quantifying interactions between foragers and plant traits should help to explationa
in plant size and flowering traits among years or locations. Becausendiflevaering can also
be closely related to fitness, these forager effects may also adatpplpulation dynamics and
the evolution of plant traits. For example, studies suggest that that herbivores antbpeliaia
respond similarly to plant traits (Milleat al, 2008) but may exert opposing effects on fitness
(Strausset al, 1999). In this study | focus on ecological interactions of insect foragers with pla
traits, considering multiple pathways both within and across years. | exhimiagactions
among herbivores, pollinators, plant size, and flowering in two separate egpeviasked
three specific questions:

(1) Do herbivores and pollinators respond to plant size and flowering phenotype?

(2) Do herbivore damage and pollination affect size and flowering traits?

(3) Are there correlations between size and flowering traits which could pravideea
pathway through which herbivore and pollinator effects might act?

Based on previous studies, | expect that herbivores and pollinators may respaamtiysionil

plant traits. Since herbivores and pollinators have been found to have both positive and negative
effects on plant traits in other systems, | cannot predict their specédut®fiere, but results

from these experiments will reveal how herbivores and pollinators together mighdlant trait
expression. | expect that size and flowering traits may correlaité&/pbysin this system, since

larger plants should be able to produce more flowers. This would make potential conflicting
effects of herbivores and pollinators on plant traits, not trade-offs betweenralemtthe main

drivers of constraints on the expression of plant traits .



MATERIALS AND METHODS

Study system

| conducted this research in the spring and summer of 2009 and 2010, at the Rocky
Mountain Biological Laboratory (RMBL, Gunnison County, CO [N38.9398°, W106.9821°]) in
natural populations d@hamerion angustifoliumBecause it is a perennial with iteroparous
sexual reproduction, relationships am@hgangustifoliunflowering, size, and foragers are
possible both within and across ye&bamerion angustifoliurproduces many (hundreds per
fruit) small wind-dispersed seeds as well as clonal stems from undergroureds.
Aboveground stems can be found singly or in clumps comprising one individual arising from the
same rhizome. Each year all, some, or none of the stems of a given individual mag produc
multi-flowered inflorescence, and while flowers are self-compatikléng rates are low
(Myerscough, 1980; Husband and Schemske, 1997). Inbreeding depressi@mgustifoliums
strong (Husband and Schemske, 1997), so outcrossing provided by pollinator services is
important.Chamerion angustifoliurat RMBL has several bumblebee pollinator species,
primarily Bombus flavifronandB. bifariug as well as both specialist and generalist leaf
herbivores including caterpillarsiyles lineataandH. gallii) and adult chrysomelid beetles
(Bromius obscurys Mule deer Qdocoileus hemionigire frequen€. angustifoliumherbivores,
browsing the top several centimeters of stem and inflorescences.

Herbivore and pollinator responseto plant size and flowering phenotype
Experimental design

To determine the effects of plant size and flowering traits on pollinatioessiend
herbivore attack, | characterized forager responses to stem and floweateamd measured
fruit production (pollinator response) and damage (herbivore response) in the saiiatye
treatments were imposed. Forager responses to phenotype alteration onlgmsakie the year
of treatment, since forager behavior in subsequent years would be a response ®iohadage
allocation pattern provoked by biomass removal, rather than the manipulated phenotype.
Regardless, | measured plant size and flowering responses acrossgesas/ N0 across-year
effects of removal manipulations (data not showrP&l0.3), and so do not consider across
year forager responses further. Herbivore responses were measured by.@rg@rcent
damage) rather than by observing herbivore behavior directly (i.e., herbivore ateinda
Damage can be considered a plant response as well as an herbivore response refwlaatite
a perfect measure of herbivory, | used this proxy because many insect herbivGre
angustifoliumforage at night or drop off the plant when disturbed. Likewise, pollinator responses
were measured by proxy (i.e., fruit number) and fruit number can also be cedsadgant
response as well as a pollinator response, | use it because sufficient pabssivations for an
adequate sample size were not logistically possible.

In June 2009 I identified 105. angustifoliumndividuals in a single meadow; each
individual had at least 10 stems and was approximately 20-30 cm in height. Individual plant
were distinguished as a clump of stems separate from surrounding clumpsdxyaately 20
cm or more. | used a spade to trench to a depth of 20-25 cm in a perimeter giving an
approximately 10-cm buffer around each individual to sever underground connections and
reduce the influence of vegetatively associated, but unmanipulated, raassignied each
individual to stem removal treatment, flower removal treatment, or control (revadm
treatment randomly with respect to plant position in the meadow, but re-assignsedyblant



treatments were spatially clumped. Stem removal consisted of removingf3Q@estems at
ground level with gardening shears; this treatment was imposed one time otagyJinrea, after
plants were approximately 30 cm tall on average. Flower removal consiseedmfing 50% of
the flowers and large buds at the stem with small scissors; this tre¢atae ongoing as flowers
matured in August. Control treatment consisted of only handling plants.

| collected data every two weeks from June to August 2009 for a total of six surveys
estimated average plant height over all stems from ground to stem tip (wciofiorescences
when present) using a meter stick centered within the stems. This method producddrgquiva
results to averaging individual measurements of each stem (A. Buchanan simlidita). |
visually estimated total percent damage (herbivore response) asdaahissing per plant.
Again, this method produced equivalent results to averaging per-leaf damageesstanall
leaves (A. Buchanan unpublished data). This gives an estimate for leaf cldewiage, but
does not give an estimate for removal of entire leaves. Because leaveslacep at regular
intervals and | did not notice substantial gaps in leaf formation, | believeethatal of entire
leaves by insect herbivores was rare. Stem number, flower number, flowtermgy browsed
stems, and fruit number (pollinator response) were counted directly.
Analysis

The effects of treatment on plant traits and proxies for forager responseanaé/zed
with one-way Type Il SS analysis of variance (ANOVA) or geneedlilinear models (GLM).
Because the data were unbalanced and we were not specifically @denette order in which
terms entered the models, we chose to use type Il SS and interpreted ecmagipropriately.
Log transformed stem number, height, flower number (analyzed for flowerintg laly) and
log transformed percent damage were analyzed with ANOVA, with treatmehe independent
fixed-factor variable. Transformations were made so that the data metEEss of normality
of residuals. Fruit number, which was analyzed for flowering plants only andletéarf
number as a covariate; number of browsed stems, with total stem number as aecavatiat
number of flowering stems, with stem number as a covariate, were analyaealwit Models
were checked for possible overdispersion, which was negligible. Covan&¢$/1 models
were retained in the model regardless of whether they significantlpwegmodel fit because
they were an essential part of the biological question. | used contrastsaactesteatment
versus the control, but occasionally the data indicated that there may denanitegersus non-
treatment (control plus the other treatment) effect. In those cases, esp@ne analyzed again,
grouping by treatment versus non-treatment. This second analysis wampdrtor browsed
stems (within year response) and flower number (within year responség fihe total models,
the final models with significant treatment effects are reported in Tablnisignificant models
are noted in the text. All analyses were performed in R 2.13.0 (R Development Code Team
ANOVA analyses used the package "car" (Fox and Weisberg, 2011).

Effect of herbivore damage and pollination on flowering and sizetraits
Experimental design

To determine the effects of herbivory and pollen receipt on plant size and flowering,
crossed two damage treatments (natural damage and reduced damage) withrtatepoll
treatments (natural pollination and reduced pollination) for four total treatn@myrin June
2009 | identified 124 individuals in a meadow near RMBL that was separated from\loaipre
experiment by approximately 0.5 km of aspen stands. | trenched around individual®@sing t
methods described above. Carbaryl insecticide spray (Sevin® by Gard&hT22.5%



concentrate diluted to 5.85mL/L water) was applied to reduce leaf chewing hgrlwtbrwater
spray as a control. All plants were sprayed every two weeks until flowering,lfega total of
three applications. Plants were not sprayed after flowering to preveatiueegffects of
insecticide on pollinators. Therefore some damage accumulated afteicidedceatment was
stopped (Figure 1), but cumulative damage levels in insecticide-treated plaataed
substantially lower than in control plants. | excised stigmas on most floweptapeto prevent
pollen receipt in the reduced pollination treatment. This technique has been used to prevent
pollination in other systems (e.g., Ladio and Aizen, 1999), but can reduce flowernlifaspa
some species (e.g., Lovell al, 1987). Although I did not measure floral life span directly, |
noticed no obvious reduction in flower lifespan following stigma excision. | chose ¢t ch
instead of pollinator exclusion bags in order to minimize potential microctiratiicts (Kearns
and Inouye, 1993) and to allow natural pollen and nectar removal from plants. | obkatved t
greenhouse-reardcl angustifoliumwith no access to pollinators developed a sticky buildup of
pollen and nectar in and around the flowers that might have promoted mold. Loss of plant
biomass from stigma excision is likely negligible, and mechanical renobyddnt parts often
does not elicit the same defense response as real herbivory (Walling, 203@ &t al, 2007).

Stigmas were removed from all or nearly all flowers on half the study @aetg two to
three days as new flowers opened. Control plants were handled but stigmagtweeete
Chamerion angustifoliurflowers are protandrous and stigmas are not receptive until a few days
after flowers open (Clark and Husband, 2007), so stigma removal within threef dayseo
opening should prevent pollination. For a one-week period in August, | were unable to access the
plants, and although | isolated inflorescences with mesh pollinator exclusigridsagsf some
bags to wind during this period may have reduced the efficacy of pollinatidménets. |
measured plant responses (size and flowering traits) and forager reqjrontssst, deer
browsing, and leaf damage by insects) as described in the previous experimentensbomet
schedule. Treatments were imposed in 2009 only, while responses were measured in the
treatment year (2009) and the following year (2010).

-4 insecticide - water

Percent damage
(2]

0 T 1
23-Jun 5-Jul 20-Jul 31-Jul 17-Aug

Survey date

Figure 1. Insecticide decreases percent damage per plant. Damagjeidevaightly after the final
insecticide application (July 13, 2009; indicated by arrow) but remain lower titan sprayed plants.
Error bars show + 1 SE.



Analysis

| analyzed treatment effects on plant traits and proxies for foraggomses with either
ANOVA or GLM, and analyzed all responses from both the treatment year arudloiarfg
year. Stem number (log transformed in 2009, square-root transformed in 2010), height, flowe
number (which was analyzed for flowering plants only), and log transformedmpe&amage
were analyzed in response to main and interactive effects of inseetntdigma excision with
Type Il SS ANOVA; data met assumptions for ANOVA analysis aftangformations resulted
in approximately normal distributions of residuals. Fruit number (analyzedfeering plants
only) with flower number as covariate, number of browsed stems with stem numbgaaate,
and number of flowering stems with stem number as covariate were efctedna response to
main and interactive effects of insecticide and stigma excision with GltMngigative binomial
error distributions. Flower number and stem number covariates were included to &rcount
effects of flower number on fruit number and effects of stem number on both number of browsed
stems and number of flowering stems, and remained in the final GLM regardless thielyow
affected the fit of the final model. To test for excision effects, includingiitsge-excision
interactions, only plants that flowered were used since excision could only inflileeneegng
plants. This necessarily reduces power to look at insecticide effects, so ndestecide effects
were not found, | tested for insecticide main effects alone using all the dzdael 8&lection was
identical to that described in the previous experiment, and of the 23 original models ofiledd m
are reported in Table 2 when treatment effects are significant; nonicagihifnodels are noted
in the text.

Correlations between size and flowering traits
Analysis

Control plants, pooled across both experiments to increase power, were used e exami
correlations between size and flowering traits. Control plants received ue tésaoval in the
first experiment and received water spray with no stigma excision indbedsexperiment.
Pearson correlation coefficients (r) were calculated among plant h&tigim number and flower
number. Stem and flower number were log transformed to meet assumptions of gaimalit
residuals.

RESULTS

Herbivore and pollinator responseto plant size and flowering phenotype

In the treatment year 50% of plants flowered, with those that did producing 24.5 + 6.1
flowers per plant. Average percent damage was 7.5 + 0.4 per plant. Both removal teeatment
affected fruit number in the treatment year (Table 1, Figure 2). Congtaststhat stem removal
increased fruit number on remaining stems relative to control plants (z = -B.8@.003),
while flower removal decreased fruit number relative to non-flower remowatrpl plus stem
removal) plants (Figure 2A, z = -2.025= 0.043). There were no effects of stem or flower
removal on damage by insect herbivores (Figure 2C) or mammalian herbivigtes @B),
although there was a trend for both removal treatments to reduce mammaliamdprénvsi
general, deer browsing is not trivial in this habitat: in our study, 35% of plants leagteone
stem browsed in the treatment year, and 74% were browsed in the followinglyee was
minimal plant loss in either year, due to trampling by deer, bears, @&, eattl probably
reflected only above-ground biomass loss rather than plant mortality.
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Figure 2. Effects of stem and flower removal omptaaits. (#) Stem removal increases fruit numbe
2009 relative to controR= 0.003). Flower removal decreases fruit numbetinad to all other plantsP
= 0.043). Figure shows proportion fruits/flowercs@model accounts for flower number. (B) Flowed
stem removal nosignificantly decrease browsed stems in 2009. @h&al has no effect on perc
leaf damage in 200&rror bars show * 1 & *** indicates P < 0.0001;0] indicates significance whe
compared control plus plants in the other treatrgeoiip

Effect of herbivore damage and pollination on flowering and sizetraits

In the treatment year (2009), %4of plants flowerecwith those that did producing 38 +
flowers per plant. Across all treatments, plantsensn average (73 + 1.4 cm tall anproduced
22 £ 1.2 stems per plann the following year (2010), %% of plants floweredyith those that
did producing 93.5 + 14.5 flowers per plant. Acrafidreatments, plants were an averag
72.4 £ 1.7 cm tall and produced 18.2 + 1 stem9jaert There was minimal plant loss in eitt
year, due to trampling by deer, bears, or cattid,@obably reflected only abc-ground
biomass loss rather than plant morta
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Figure 3. A damage-by-pollination interaction on fruit number occurred widansy stigma excision was
more effective in insecticide sprayed plams=(0.014). Figure shows proportion fruits per flower (error
bars show £ 1 SE) since flower number is accounted for in model.

Insecticide effectively decreased herbivory in the treatment yemcing cumulative
percent damage per plant by 57% (t = -7F14,0.001). There were no residual effects of
insecticide on damage received in the following year when plants were notdspkbiieugh
the final insecticide application occurred on 13 July 2009, cumulative damage levels on
insecticide treated plants remained substantially reduced relative tol gaafits for the
remainder of the season (Figure 1). Stigma excision (which was rédsivaost but not all
flowers on stigma-removal plants, so that fruit production was reduced but not &disfhina
reduced fruit number in the treatment year only in plants also receivingierde¢interaction
termP = 0.014), while plants exposed to natural herbivory produced very few fruits regardless of
excision treatment (Figure 3).

Using all the data to examine main effects of insecticide relative taotpidnts,
insecticide increased flower number (t = 4B2; 0.008), number of flowering stems (z = 2.58,
P =0.01; Figure 4A and 4B), and fruit number (z = 4R4,0.0001, Figure 4C). Insecticide
decreased stem number in the treatment year (t = 24610,0001, Figure 4D) and the
following year (t = -2.61P = 0.01, Figure 4E) and height in the following year (t = -253,
0.013, Figure 5F).

Stigma excision increased percent leaf damage in the treatmeiyy$@%o relative to
plants with intact stigmas {F,= 3.8,P = 0.056, Figure 5A). In the year following excision,
excision increased height by 11% (= 4.06,P = 0.049, Figure 5B), increased stem number by
39% (R, 5= 4.12,P = 0.048, Figure 5C), and decreased browsed stems by 4296 (44,P =
0.02, Figure 5D).

Correlations between size and flowering traits

Flowering and size traits were generally positively correlatedufaanipulated
(control) plants pooled over both experiments, stem number and height were positively
correlated in both years of the study (2009 r = 0P28,0.007; 2010 r = 0.2% = 0.035). Flower
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number correlated positively with hei¢(r = 0.61,P < 0.000) and stem number (r0.396,P =
0.00) in the second year. All three measures were igebkjtcorrelated across years (height:
0.71,P < 0.0001; stem number: r = 0.¢P < 0.0001 flower number (for plants that flowered

both years) r = 0.6 B = 0.037.
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Figure 4. Effects of insecticide on plant traitssdcticide (A) increases flower number threefP <
0.0001), (B) proportion of flowering stems by 14¢P = 0.011),and (C) proportion of fruit per floweP
< 0.0001) within years, relative to control plaftsecticide decreases stem number (D) witP =
0.008) and (E) acros® € 0.013) years, and (F) decreases height across (P = 0.012), relative ti
controlplants. Figures show proportion flowering stems fods because stem number and flo
number, respectively, are accounted for in the nsoError bars show £ 1 SE. * indicatP < 0.05, **P
<0.01, ** P<0.001.

11



Table 1. Effects of stem and flower removal treatments on plant amgfaesponses. Fruit number
responses used flowering plants only. Models that explained signifaaation in data are reported.

Final model Response df X2 P

Fruit number 2009 = Removal treatment *  Removal treatment 2 10.464 0.005

Flower number 2009 Flower number 2009 1 20.678 <0.001
Treatment*Flower number 2009 2 9.172 0.01
Residual 42

Table 2. Effects of insecticide and excision treatments on plant and foeagenses. Degrees of
freedom reflect dataset used; df = 119 or 122 used all plants, df = 48, 49, 52, or B@weydty plants
only. Models that explained significant variation in data are reported.

Final model Response df Forx2 P

Browsed stems 2010 = Excision * Stem Excision 1 5.439 0.02

number 2010 Stem number 2010 1 22329 <0.001
Excision*Stem number 2010 1 3.271 0.071
Residual 49

Flowering stems 2009 = Insecticide + Stem Insecticide 1 6.616 0.01

number 2009 Stem number 2009 1 1.090 0.3
Residual 122

Fruit number 2009 = Insecticide + Excision Insecticide 1 30.003 <0.001

+ Flower number 2009, plus 2-way Excision 1 0.928 0.335

interactions Flower number 2009 1 71.448 <0.001
Insecticide*Excision 1 9.667 0.002
Insecticide*Flower number 2009 1 36.857 <0.001
Excision*Flower number 2009 1 1.564 0.211
Residual 48

Flowering stems 2010 = Insecticide * Stem Insecticide 1 3.627  0.057¢

number 2010 Stem number 2010 1 30.205 <0.001
Insecticide*Stem number 2010 1 5.7139 0.017
Residual 49

Stem number 2009 = Insecticide Insecticide 1 7.2266 0.008
Residual 122

Percent damage 2009 = Insecticide + Insecticide 1 15,567 <0.001

Excision Excision 1 3.8354 0.056e
Residual 52

Flower number 2009 = Insecticide + Insecticide 1 16.1618 <0.001

Excision Excision 1 0.7734 0.383
Residual 52

Height 2010 = Excision Excision 1 4.0649 0.049
Residual 53

Height 2010 = Insecticide Insecticide 1 6.3663 0.013
Residual 122

Stem number 2010 = Insecticide * Excision Insecticide 1 6.5653 0.013
Excision 1 41162 0.048
Residual 52

Stem number 2010 = Insecticide Insecticide 1 6.7866 0.01
Residual 119
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Figure 5. Effects of stigma excision on plant traits Stigma excismeased (A) percent leaf damage in
20009 relative to stigma intact plan8 £ 0.056); (B) height in 2010 relative to stigma intact plaats (
0.049); (C) stem number in 2010 relative to stigma intact pl&nts.048); and (D) decreased browsed
stems in 2010 relative to stigma intact plafts=(0.02). Data are from flowering plants only. Error bars
show + 1 SE.

DISCUSSION

Our results reveal considerable, but not necessarily balanced, feedheekrbitragers
and plant traits both within and between years. Reduction in pollen receipt and inssgpe dam
(through stigma excision and insecticide) both affected plant traits. Howevié fruit set
responses suggest that pollinators were responsive to both insect damage (redrbgulat
insecticide) and plant size and flowering traits (manipulated by stem aref flemoval), insect
herbivores responded only to pollen receipt (stigma excision) and were unexpectedly
unresponsive to other plant traits.

Insect damage, as manipulated by insecticide, had an important effect onnitptresits
and pollination, decreasing flower number, flowering stems, and fruit number with® ye
(Figure 3A-C). The decrease in fruit number with damage suggests thajelsedaced
pollinator visits or pollen receipt per flower. Because the model for fruit numbeurats for
flower number as a covariate (Table 2), decreases in fruit number were nohplyete damage
decreasing the number of flowers. Also, because damage increased stem thenteerease in
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fruit number is likely pollinator-driven, rather than resource-driven. Resalts flower removal
treatments also suggest that pollinators prefer plants with more flovigusg 2A). Indirect
effects of herbivores on pollinators are not surprising. Leaf herbivores haweihewn to
decrease pollinator visitation within years by reducing flower size and nyiddaia and
Strauss, 1997; Steets and Ashman, 2004). It is also possible that leaf herbivoeeseddoné
number by reducing resources available for maturing seeds (e.g., Metidtesnd Marquis,
2000), although positive effects of herbivores on plant size in the treatment igese @D),
possibly due to reallocation of resources from the rhizome to tolerate herbivggess that
resource limitation by herbivores was not severe.

In this system, indirect effects may be reciprocal. Reduced pollen rédegto stigma
excision) increased damage by insect herbivores in the treatmenEigeae GA). Although
effects of pollen receipt on damage have been demonstrated for mammaliiaorésiHerrera,
2000), to our knowledge they have not been demonstrated for leaf herbivores. Pollination may
result in resources being diverted from defense to fruit maturation, althouglesea e of
induced defenses in this species has not been tested. An alternative explaraidhes t
damage associated with stigma excision itself caused a change in pdaseds nutrient
guality. While mechanical damage is often used experimentally, theneléneg that
mechanical damage does not have a strong effect on defenses (btaals@p07), and the tiny
amount of tissue removed in these experiments may not reach the damage threshetttcequir
induce defenses in some plants (e.g., Underwood, 2000; Meitsaky2007). If pollination were
diverting resources from plant defense, | would expect higher damage in figiaet s
treatments, which | did not find. A possible mechanism for increased damage fgllowin
pollination is increased attractiveness of fruiting plants to herbivores, afthbisgexperiment is
not capable of testing that possibility. The fact that | found negative ®€pbllen receipt on
leaf damage even though our power to detect effects of stigma excision méaebaveduced
due to low flower number suggests that indirect effects of pollinators on leaf hertivaid$e
important and should be considered in other systems.

Although the insecticide-by-excision interaction (Figure 3) may inditetedamage is
an important factor for fruit production (see also Figure 4C), pollen receipll ikely the
primary driver for sexual reproduction, and therefore fithesS, engustifoliumThe continuing
effects of stigma excision in the year following treatment (Fig€C) also indicate that pollen
receipt had important influences on resource allocation. Most effects of sxgisan
manifested the year after the treatment was imposed, but this was nateiedxpecause the
timing of pollination and subsequent fruit set at the end of the growing season magge stron
effects on resource allocation more likely in the next year. It is somewlaising, however,
that across year pollen receipt influences plant size traits ratherahaarifig traits. Plants that
received less pollen due to stigma excision had more stems and achievedtalerastoss
years (Figure 5B-C), suggesting that lack of pollen receipt and subsedoeati@h to fruit
formation may allow, or possibly prompt, greater investment in size the eaxt y

The across-year effects reported here (plant size response to herbivores4bBir
plant size response to pollen receipt, Figure 5B-C) likely represent chiangsource
investment to new stems produced each year from stored resources. Theoedwest carry-
over of either insecticide or excision treatments, i.e., insecticide &atdrdid not affect leaf
damage in the following year, and plants in the stigma excision treatment gaatuenal
stigmas in the following year (data not shown).
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Across-year effects of herbivores are not unknown. For example, leaf herlmgmgsed
stem number but decrease reproduction across yelsielateuca quinquenervia (Pratt et al.,
2005) and after an initial negative effect, increased both stem growth and flavdercion
across years i@ornus florida(Sacchi and Connor, 1999). Across-year effects of fruit production
include a subsequent-year decrease in fruit production in the rewarding Gychithdenia
conopsea(Sletvold and Agren, 2011) and a subsequent-year decrease in plant size in the orchid
Tipularia discolor(Snow and Whigham, 1989). In our study, across year responses to herbivory
paralleled within-year responses (Figure 4D-E), but most responsesia stigision only
manifested across years (Figure 5). The fact that both foraginghggescross year effects in
our study suggests that multiple-year studies will be necessary to detdomgiger effects in
iteroparous perennial species. Single-year studies might misinterptétiniegte cause of
variation in reproductive effort or underestimate the effect of danrggellmation. My two-
year study of plant responses to herbivory and pollination are a good first step toward
understanding of the longer term effects of foragers on plant traits. Howesdength of study
does not capture lifetime responses in long-lived perennials s@haagustifolium.
Understanding longer term effects likely requires either lifetitmdias of long-lived plants or
sufficient across-year responses to build a matrix model to project respguosgghtthe plant
life cycle.

| found that herbivore damage increased height and stem number (Figures 4B4R) bot
the year of damage and in the following year, indicating a compensatory respdasgage.
Compensatory responses to damage have been found in other studies, as some plants can
produce more branches (Paige and Whitham, 1987) or replace inflorescences (idiBenlcer,
2002) in response to apical damage. Compensation in response to leaf damage is leas comm
and those studies reporting compensation typically address only withinfigeas €out see
Brody et al, 2007 for life table predictions of damage effects across lifespan in Ipomopsis
aggregata). The long-term consequences of such compensation or overcompensateeaare un
To our knowledge there is no evidence of overcompensation persisting for theslibét@nhong-
lived iteroparous plant lik€. angustifolium Overcompensation across two years does not
establish a lifetime pattern, but it does indicate the potential for long-teesteffVhile size
overcompensation in response to herbivory is often seen as a mechanism to tolekate or ta
advantage of damage, in this system there may be little advantage to lg@ngsiace stem
removal resulted in no change in insect damage, reduced (although not significamtly) dee
browsing, and an unexpected increase in within year fruit number (Figure 2AR€3e Tesults
seem to indicate that larger plants are more noticeable or attractive teedaeores, but not to
insect pollinators or herbivores.

Although herbivores positively affect size and negatively affect flowenitign years
(Figures 3A, B, and D), it seems unlikely that this occurred through allocatd®wotfa between
size and reproductive traits. Positive correlations between size and flgwaita within years,
and between traits across years, suggest no trade-offs between sipsvanddlin this system.
This finding is in agreement with previous studies where size and floweritegvirie found to
correlate positively (e.g., Herrera, 2004).

The unexpected response of fruit set to size manipulation brings up a possible
confounding effect of stem and flower removal treatments. While manipulatioasnended
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Figure 6. Within and across year plant-forager relationships. Red ardiwate a positive effect, blue
arrows a negative effect. Dashed arrows show an indirect effect.

to alter plant appearance to foragers, removal of biomass may incur sgquadaresponses,
including reallocation of resources to other functions or induced defenses. Clippéhg dis
portions of plant stems to mimic deer browsing can initiate reproductive cortipar(®aige
and Whitham, 1987). In this experiment, while the change was not significant, plaetsin st
removal treatments did show a 26% increase in proportion flowering stems per ghamy/ears
relative to non-stem removal plants, and this may have contributed to increasedapollina
attraction and increased fruiting relative to non-stem removal plants. Whibgdasan also
induce plant defenses, mechanical tissue removal may fail to activatselpghways
(Walling, 2000), and the lack of insect herbivore response to stem clipping suggestsm
removal did not induce plant defenses in this experiment.

CONCLUSIONS

My results suggest that the overall effects of herbivores and pollinators oniptaahd
flowering traits contribute to intermediate trait expression. Thege effect of herbivores in
this study was to decrease flowering traits (Figure 4A-C) and incrizaseasts (Figure 4D-F),
so that herbivory should result in larger plants with fewer flowers (Figure 6)théfttaese
effects would manifest in long-term selection pressures on plants is umoleahése
experiments, given the lack of herbivore response to manipulated plant phenotype. Pollinator
have a negative influence on plant size (Figure 5B and 5C, Figure 6), so pollinatiahreisaiil
in expression of smaller plants. However, because pollinators appear to respondigegative
plant size, the strength of this effect should diminish as plant size decreasasseBgollinators
respond positively to flower number and negatively to plant size (Figure 2A) and h#auweepos
effects on plant fitness, pollinators might impose selection on plants to produciawers or
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smaller stature. Since herbivory results in large plants with few flowergoint effects of
pollinators and herbivores in this system may contribute to intermediate vaplestofize and
flowering traits. Studies quantifying plant fithess and plant-forageraictien strengths, ideally
across plant lifetimes, are necessary to determine the net outcome of leeabigquollinator
effects on plant traits.
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CHAPTER THREE

FORAGER VARIABILITY AND THE EVOLUTION OF PLANT
ALLOCATION SCHEDULE

INTRODUCTION

Abiotic and biotic factors that affect plant fithess are often highly varialiene. This
includes herbivory (Huntly, 1991), which is often detrimental to plant fithess (Madf84;
Agrawal, 1998), and pollination (Horvitz and Schemske, 1990; Btiag 2005), which is
beneficial to plant fitness in outcrossing species. Herbivory and pollination gatemgorally
within years, so that plants might experience higher levels of herbivorylmaioh during
some time periods than others (e.g., Ashman and Stanton, 199 EtFRilipl 995). Herbivory
and pollination can also vary among years, so that herbivory and pollination might peak a
different times of the season from year to year (e.g., Root, 1996). Plants should be under
selection to evolve patterns of trait expression that will maximize $itneder variable
herbivory and pollination.

To deal with variability in herbivory and pollination, plants may evolve an optimal
allocation schedule. Here, | define "allocation schedule" as the time aefadberswhen a plant
begins allocating resources to floweregd the time of the season when a plant stops allocating
resources to growth. For example, plants can start allocating resaurepsaduction either
early in the season or late in the season (the first parameter of tlaiati®chedule) and can
stop allocating resources to growth either immediately after alboctt flowering begins or on
some later day (the second parameter of the allocation schedule). A platbpisaallocating
resources to growth immediately after beginning allocation to floweringi®ssing a "bang-
bang" schedule (Cohen, 1971) where the allocation switch is abrupt, while a plant tmatesonti
allocating resources to growth after flowering begins is expresgjraaal or "graded" (King
and Roughgarden, 1982) schedule. Either the bang-bang or gradual schedule caarlgaur e
late in the season, although the later the switch to reproductive allocatiesshggddual the
schedule can be.

There is a substantial body of theory predicting how environmental variabitity a
predictability should influence the evolution of plant traits. Under no variability sxddrexpect
a single phenotype adapted for the constant environment. For the timingabfiisgvallocation
to reproduction in plants, the bang-bang allocation schedule is predicted to be favorédevhe
environment does not vary (Cohen, 1971). If the environment is variable across years but
accompanied by reliable cues as to what the environment will be, theory subgesgiants
should evolve adaptive plasticity to express the optimum phenotype in each envir@iment
and Lande, 1985; Moran, 1992). In the absence of reliable cues, i.e. when the environngent varie
stochastically, we would expect a bet-hedging strategy that madrfiimess by reducing
variance in fitness across all environments according to their probabilitgwirence (Hopper,
1999; Wong and Ackerly, 2005). Wong and Ackerly (2005) modeled annual plants with variable
predictability in end-of-season to compare plastic and bet-hedginggststThey found that
with a perfect cue a bang-bang schedule is favored, and as predictabilipsdsaptimal
schedules become more gradual.

Models incorporating stochastic (unpredictable) variability in end-ofesestsow the
evolution of a gradual switch or multiple switches between growth and reprodurcdanual
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plants (Cohen, 1971; King and Roughgarden, 1982; Satake 2001). In natural populations

of some desert annuals, for which end-of-season is unpredictable, flowaging barly in the
season and coincides with growth (Cohen, 1971; King and Roughgarden, 1982). Variability in
end-of-season could be caused by a range of factors, including sudden artelbikiaty such

as might occur by mammalian grazing. In many cases, however, partiouliiripsect

herbivores, herbivory is chronic and sub-lethal. Chronic sub-lethal herbivorylstilsa plant

to grow and reproduce after damage, while sudden lethal herbivory does not, so it might be
expected that plants will evolve differently under sub-lethal herbivory. Dabgstehere is little
theory predicting evolution under chronic sub-lethal of herbivory. Yamaetwata(Yamamura

et al, 2007) modeled annual plants under chronic sub-lethal grazing, but focus on magnitude
rather than variability in grazing. They found that increasing vegetgtazng delays flowering
longer when growth is a non-linear function of plant size. Models of perenardsph
unpredictably variable environments are less common than models of annuals, but those that
have been done predict that plants will evolve multiple switches between growth and
reproduction or gradual schedules of allocation when the end-of season is vadable a
unpredictable (Perrin and Sibly, 1993).

| used a simulation model to examine the evolution of allocation schedule in annual and
perennial plants in stochastically variable herbivory and pollination environniesitss,t
evolution in a bet-hedging scenario. The perennial plant is a variation of the annualh@eant
resource allocation switches to both reproduction and storage, and storageovairie
increase initial plant size at the start of the next season. This allovesdetetmine if perennial
plants are likely to evolve a different allocation schedule because they tdluéeced by the
previous years' environment. | first explored evolution of allocation schedulefatihe
predictable environments, that is, herbivory and pollination both vary within a seagueakigt
same time each season. In this case, based on previous theory, | expea pladiteta single
optimal allocation schedule that maximizes herbivore tolerance and total fbroduction
across the season. | then explored evolution of allocation schedule in environmentsasingcre
stochastic variability, that is, herbivory and pollination both peak at an unpredittadleach
season. If plants evolve similarly in response to variability in my modeicavakiability in
unpredictable lethal disturbances, then | expect that both annual and perennialiflaatdve
gradual allocation schedules.

While the evolution of allocation schedule for annuals, and occasionally perennials, in
variable environments has been considered previously (King and Roughgarden, 1982; Perrin and
Sibly, 1993; Sataket al, 2001; Wong and Ackerly, 2005; Yamamuaitaal, 2007), two
differences set my model apart. First, variability in a disturbancenergky incorporated as an
acute and severe disturbance (e.g., flooding, Satia&le 2001; or end-of-season, Wong and
Ackerly, 2005; but see Yamamueaal, 2007 for chronic grazing pressure). While some types
of herbivory do involve an acute and severe loss of biomass, insect herbivory is often a
continuous condition resulting in sub-lethal size reduction. Herbivory as a chronit@orsli
rarely incorporated into models of plant evolution, but is likely to select for diffatlcation
schedules because growth and reproduction can still continue, although at reducedtlavels, a
herbivory.

Second, variability in a disturbance is generally incorporated into modejsemadiently
of other conditions that benefit plant fitness. In this model, | examine the jaotsetf
variability in antagonists (herbivory) and mutualists (pollination) on plantsitnidost plants
interact with both antagonists and mutualists, which together can have impontzst fit

19



consequences (Lehtilda and Strauss, 1997; Steets and Ashman, 2004; Strauss and Murch, 2004). |
intentionally correlate variability in herbivory and pollination, that is, bogheither highly

variable or less variable but do not necessarily peak at the same time, in ordees$s Huxljoint

effects of plant antagonists and mutualists on evolution of allocation schedule. Althotayk f
influencing herbivore and pollinator abundances are complex, both herbivores and pollinators

can be similarly affected by abiotic conditions like temperature and hurf@lityan and

Cranston, 2000). The consequences of varying herbivory and pollination together are too

complex to predict, but my model will be a first step toward predicting thetefiéc

simultaneous increases in the variability of both a positive and negative influeptant

fitness.

METHODS

To examine selection on allocation schedule in annual and perennial plants in
stochastically variable herbivory and pollination environments, | developesutaion model.
Using this model, | looked at annual and perennial plants separately, and ran thatrftade
levels of environmental variability, from no variability to very high varigjilior a total of
eight different simulation types. Each run of the model gives the geometmcahaanual
fitness for every a range of allocation schedules (see "Defining@atlacschedule™ below) to
growth and reproduction (or reproduction and storage, in the perennial plant).

Defining plant functions

The model follows individual plants that grow, flower, and experience herbivory and
pollination within a single growing season (a year) consisting of 100 time dtgy (Figure 7,
see Table 3 for a list of model parameters and values). The following equatiabeatean
individual’s size at each time step (denoted by subsigript

Eq.1 Snu=S+E*G*g)-(@*F)-(G*W)-(c*S)-H

where the next day's size($is a function of current size jjSa growth rate ((, the fraction of
resources allocated to growth)(@ cost of producing flowers given by a constant fractigrofc
current flower number (}; a cost of producing fruit given by a constant fractign ¢¢ current
fruit number (W), a cost of growth given by a constant fractiaf) ¢€ current size ( and the
herbivory function (. Plants also lose some portion of size to make flowers and fruits, and to
maintain growth. This model assumes that herbivores reduce plant size but do not induce
defenses (there is no allocation to defense).

Growth is logistic so that smaller plants have a higher per-mass growthaatarge
plants and growth rate declines in very large plants, which will eventually sea@ximum
size.

Eq. 2 G =[Gmin* (1 — (S/ Snaw) M*1* @i

There is a minimum growth rate {3 and a maximum size (&), and growth rate is adjusted
to account for proportion of resources allocated to growth@gowth rate is bounded by 0 and
1. Each day an individual plant may also produce flowers. The presence of flodetermined
by an allocation function (see "Defining allocation schedule" below). Tihedber of open
flowers is given by
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Eq.3 F=Fi1+ (Fhew*Si*fi)—(Fa*1/ toper)

where number of open flowers; ks based on flowers remaining from the previous day)(F
new flowers (Rew), plant size, the fraction of resources allocated to flowerjhga(fd the time
that flowers remain openofty. Frewis @ binary variable (0 or 1) that will allow flower
production only if resources are currently being allocated to flowers (séaitDeallocation
schedule" below). The decay rate of flowers; ¢FL / toper) controls how long flowers stay open;
a large §penmeans that flowers are open for many days, and therefore a plant will have many
open flowers relative to a plant with a smajkt

Perennial individuals have a storage function that annuals do not, given by

Eq. 4 Ri=Ri1+ Rew™ C * Si*r

where the amount in storage on a given dayigRletermined by previous storage size; (R
plus new storage Ry, a constant fraction {jcof current size, and the fraction of resources
allocated to storage;fr As in the flower function (Eq. 3),/Rvis a binary variable (0 or 1) that
will allow storage production only if resources are currently being adddat storage (see
"Defining allocation schedule" below). This function describes a situation in wdmgérlplants
acquire more resources and move a fraction of those resources to a storagéhimtyaaves
those resources for the remainder of the season.

Daily fruit production is given by

Eq.5 W= F*P,

where fruits (W) are given by the number of open flowers and the pollination functjpn (P
Average annual fruit set (over 100 single-year iterations for the annual plantagedever
100 consecutive years for the perennial plant) represents plant fithess. Basdiuinamapye
results using 25, 50, 75, and 100 years, | determined that a 100-year lifetimecisrduftir
consistent results.

Daily herbivory (H) and pollination (B are modeled as Gaussian distributions (e.g.
Figure 10A), with the distribution mean as the day of peak herbivory or pollination. With no
variability in timing of herbivory and pollination, herbivory peaks at day 30 and podimati
peaks at day 60 of the season. These peak days are based on the assumption thatt flants can
pollinated until they make flowers but can be eaten from the beginning of the gseeaison.

Annual plants start each year with initial size = 10 and have no storage capaiilit
contrast, perennial plants start the first year of their lifetime witlairsize = 10 and allocate
some resources to storage. A fraction of stored resources is carriedyaarssso that perennial
plants have larger initial size at the beginning of the subsequent growing deaisbisize in
the subsequent year is the final storage size of the previous yeaR{s). For simplicity |
include no cost of respiration during dormancy, but there is a cost associatedos#ahre]
resources to storage (some resources are lost in the process). Herbivoeyg pdnt size but is
not severe enough to cause plant death. Otherwise, mortality is not explaotigorated into
my model.
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Table 3. Model parameters and values

G daily growth rate
Guin minimum growth rate = 0.1
S, initial size = 10
Si daily plant size
Shax maximum plant size = 5000
Fi daily flower number
Frew presence of new flowers (0 or 1)
topen duration of open flowers = 3 days
R; new storage produced each day
Riew presence of new storage units (0 or 1)
Wi number of fruits produced each day
Oi proportion of resources allocated to growth
f; proportion of resources allocated to flowering
ri proportion of resources allocated to storage
Cs proportion of size representing maintenance cost = 0.05
Ct proportion of flowers representing cost of flowers = 0.2
Cr proportion of fruits representing cost of fruits = 0.5
H; daily herbivory
P daily pollination
Ts day of the season that allocation to reproduction and storage begins
Te day of the season that allocation to growth ends
each year
Initial size
each day |

v
Herbivory — g§jze )

/ 0\

Flowers Storage —

Pollination — l

Fruits

Figure 7. Diagram of simulation model. A plant undergoes daily functions of lgrosytroduction, and
(in the perennial plant), storage, and experiences daily herbivory and tpmilina the perennial plant,
storage is converted to initial size at the beginning of the next year.
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Defining allocation schedule

The model runs a range of combinations of allocation to growth and reproduction. For the
annual plant, the allocation schedule describes the transition from growth to rejprodemt
the perennial the schedule describes the transition from growth to both reproductitoragel s
The proportion of resources allocated to growthKmgyure 8) is described by two parameters: the
day of the season that allocation to reproduction and storage begiaadThe day of the
season that allocation to growth endg.(Allocation to growth is 1 before the reproductive or
reproductive/storage period begins (Ts) and 0 after the growth period ends (Te). Between
Tsand T, allocation to growth is a decreasing straight line (Figure 8).

At the start of a season individuals allocate all resources to growth, aatkiaitocation
to other functions at some later point in the season. The functions other than growth recei
some ratio of all the remaining resources not used for growth. The transition trath ¢
other functions can occur at any time after the first day, and can be abrugpdwalgt calculated
the fitness (geometric mean of annual fruit production) for all possible atlocathedules to
assess fitness consequences (igafiged from 1 to 99 and. from 2 to 100 with T< Ty).

06 08 10

Proportion of resources
allocated to growth
04

0.0

T T T T T T
0 20 40 60 80 100

Day

Figure 8. Sample allocation schedule. This is a gradual allocatioduselvehere allocation to
reproduction begins at day 25 and allocation to growth ends at day 75.

For perennial plants, all models were run with a constant 1:3 ratio of allocation to
flowering and storage. That is, of the resources not allocated to growth, 25%llveated to
flowering and 75% were allocated to storage. This ratio reflects théhé&dah real plants storage
organs generally have greater biomass than flowering parts.

To compare fitness across allocation schedules, | produce a fitneseqHiure 9) that
shows average annual fithess for every possible allocation schedule (rep@ssble
combination of Tand T). Because allocation to growth must end sometime after allocation to
reproduction begins, there will only be fitness values for the upper left half fifribes surface
(other values are impossible). The surface gives the optimal allocatia@ukeftbe peak of the
surface) and the strength of selection on that schedule (the slope of the sppfaeehing that
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peak). Points near the diagonal represent bang-bang allocation schedules, andtherdeoim
the diagonal represent increasingly gradual allocation schedules. Thizeisha slope, | identify
the fitness values at least 90% of the maximum in red (Figure 9). A broadef aeel
represents a flatter surface with weaker selection for the maximuihe, asinaller area of red
represents a more steeply sloped with stronger selection for the maximum.

100
L

1

*
80

40 60
! !

20

L

Day growth allocation ends

T T T T I I
0 20 40 60 80 100

Day reproduction and storage
allocation begins

Figure 9. Sample fitness surface. Fitness surface representingamaaal fruit set of a plant for a range
of possible allocation schedules. Contours connect points with identieegdsj which increase to some
peak. All allocation patterns with fitness values at least 90% ohthemum value are colored red. The *
marks the fitness maximum.

Variability in herbivory and pollination

Under perfectly predicable variability, herbivory and pollination vary fromtdalay
within a season, but peak at same time each season (Figure 10A). Undetistdigheesriable
herbivory and pollination, the model selects a value for time of peak insect abundamee fr
uniform distribution with either a narrow range of values (for low acress-yariability) or a
wide range of values (for high across-year variability) with equahs@agure 10B, Table 4).

Table 4. Parameters defining variability in simulationsaPeters are taken from a uniform distribution
with the given variances. Values differ for herbivory and pollinationtatmediate and high levels
because the mean of the distribution are offset (at 30 and 60, respecto/éhyg) range of herbivory is
slightly more constrained than the range of pollination.

Range of variability Model parameter

Low 0°=8.33

Intermediate o” = 208.33 (herbivory), 352.08 (pollination)
High o” = 408.33 (herbivory), 602.08 (pollination)
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Figure 10. Herbivory and pollination distributions and variability. (A) Hety (solid line) and
pollination (dashed line) distributions under predictable day-to-dasghibty. (B) An example of values
representing high among-year variability {408.3, mean = 30) in herbivory timing across years.

RESULTS AND DISCUSSION

Results of my model show that annual plants experiencing stochasticadllyleari
herbivory and pollination (a bet-hedging scenario) should evolve allocation schediitdsng
abruptly to reproduction late in the season relative to plants experiencing nolitariabi
Perennial plants experiencing stochastically variable herbivory and piolirsnould evolve
gradual allocation schedules with allocation to reproduction beginning early ieatbens

In my model, lack of variability in within-year herbivory and pollination peakslies in
selection for a bang-bang allocation schedules for the annual and peptamtiéFigure 11).
These patterns of schedules were favored over repeated runs of the model &zdavnpt

Other models considering the absence of environmental variability alsotpealiation
of the bang-bang schedule in both annual plants (Cohen, 1971) and perennials with underground
storage (Perrin and Sibly, 1993). The optimum time to begin allocating to reproductiomttfor
annuals and perennials in my model likely reflects synchrony between floveedingollination,
since both the switch to reproductive allocation and peak pollination coincide at day 60.
Pollination-flowering synchrony has been shown to be important for fitness in same pla
species, for examplérythronium grandiflorun{Thomson, 2010).

When | allowed stochastic variability in the timing of peak herbivory and pollination,
allocation schedules with later switches were favored in annual plantsg&itgi-C). Other
models incorporating variability in end-of-season predict that annualsweilVe a gradual
allocation schedule (Cohen, 1971; King and Roughgarden, 1982) or a greater range of the timing
of the switch (Sataket al, 2001). The late switch to reproduction seen in my model seems
risky, but variability in end-of-season that other models consider is more tiikplynish late
allocation schedules than variability in non-lethal herbivory, which will allovaatb continue
growth and reproduction even after disturbance.
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Figure 11. Fitness surfaces of annual and perennial plants with no viarialilerbivory and pollination.
Surfaces are responses of (A) an annual plant and (B) a perennial @aistiZannual fruit set.

Additionally, my model includes variability in a factor beneficial to plant e
pollination. The late-flowering plants favored in this model can take advaotageate peak in
pollination after they have grown all season and can produce many flowers. Predictions of
models with a single, acute disturbance may match many natural sysiemarhple in harsh
environments where early-flowering annuals are common (e.g., the arclandidt997). In
systems where those predictions don't match, that is where late-floweringsaameuzommon,
variability in herbivory and pollination might be more pronounced than variability iroend-
season. Empirical studies to support or refute such a hypothesis are lacking.

When stochastic variability in the timing of herbivory and pollination was added to my
model, with increasing levels of variability, gradual allocation schedutes favored for
perennial plants (Figures 13A-C). Stochastic variability in end-of-seagmrémnial plants is
expected to lead to selection for a gradual transition between growth aedriig\iPerrin and
Sibly, 1993). My model demonstrates this result as well as a slightly naitersd range of
favored allocation schedules (Figure 13A-C). Although | know of no examples of naoiead
allocation schedules occurring in natural populations with more temporal \igriginsect
foragers, gradual schedules have been found for a number of perennial plant populations,
including Silene uniflora(Pettersson, 1994) ahatus corniculatugOllerton and Lack, 1998),
and so the phenotype is certainly possible. There is agreement between my model éd mode
considering variability in acute disturbances, such as end-of-seasan éper Sibly, 1993),
about the evolution of gradual transitions. This suggests that the gradual scheduleamay be
general bet-hedging solution for perennial plants under a range of types oherestal
variability. In my model, herbivory reduces plant size but does not cause mpdaléffect
found in natural systems as well (Underwood and Halpern, 2012). Size-dependentymortalit
where smaller plants experience more mortality than larger plants irtieyeri herbivory,
might select for longer periods of growth prior to allocating resourcegtodection (i.e.,

Perrin and Sibly, 1993).
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Figure 12. Fitness surfaces of annual plant. Variability in herbivory atidgian is (A) low, (B)
intermediate, and (C) high. Z axis is annual fruit set. See Table 4rfability values.

In my model, variability in the timing of herbivory and pollination are correlétet is,

when variability is high in one it is also high in the other, and vice versa) in order teattre
joint effects of plant antagonists and mutualists on evolution of allocation schedukdat@or
variability is a reasonable condition for insect herbivores and pollinators sipatnick similarly to
abiotic conditions like temperature (Gullan and Cranston, 2000). If variabilityiatia
conditions is stochastic, as might increasingly be the case as the gluiaaéahanges (Schar
al., 2004), stochastic variability in both herbivores and pollinators might follow. This ig likel
particularly true when the same species acts as both herbivore and pollinstegrason in

the Lepidoptera. Varying herbivory and pollination independently in the model wouldetétiem
contributions of each to the evolution of allocation schedule. This might be important for
herbivory and pollination by non-insect organisms, and a future version of this model will



include independently varying herbivory and pollination. Since herbivory and pollination
influence fitness in different ways in this model (pollination directly inflesrf@dness, while
herbivory indirectly influences fitness through plant size), | would expecpttiatation might
be largely responsible for the location of the optimal allocation schedule, bégaeale flower
production coincides with pollination, fitness will benefit most directly. Herbiworyhe other
hand might be more responsible for the strength of selection for the optimum, shigerye
affects the total number of flowers a plant can produce and so might be moréolikegluence
the height of peak fitness.

g \ g
§
2 \
5 \ %]
=
3=
=
T 24 8 A
L
©
£ g
B =T 7 - =
[=]
=1
1]
§ 8 - 8 -
o - o -
T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Day reproduction and storage Day reproduction and storage
allocation begins allocation begins
s 4
[T
e 81
[«8]
=
o
| 8
L&)
=
©
L o ]
+—= T
b
(=}
1=
=1v]
T &
a
o
T T T T T T
0 20 40 60 80 100

Day reproduction and storage
allocation begins

Figure 13. Fitness surfaces of perennial plant. Variability in herbivory dlidgion is (A) low, (B)
intermediate, and (C) high. Z axis is annual fruit set. See Table 4rfability values.
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The location of the peaks on the fitness surface indicates the optimal alosaiedule,
but the steepness of the slope indicates how strongly that schedule will be favare. |
illustrated the steepness of the fitness surface by showing the areawfdbe within 10% of
the maximum value (in red in Figures 12 and 13). A smaller area within 10% of thaumaxi
indicates stronger selection for that schedule, that is, a harsher fitnesy fogrddviation from
the maximum. The fitness penalties for deviation from the maximum are highhe akh$es my
model examined, as the peak area is never more than 1% of the available fitaess(Bigtire
14).

120 —Annual

— —Perennial
1.00

0.80 - \

0.60 - N

max fitness

0.40 - \

0204 @ — N ==

% of fithess surface within 10% of

0.00

Predictable Stochastic, low Stochastic, Stochastic, high
variability intermediate variability variability

Herbivory and pollination

Figure 14. The percent of available fithess surface within 10% of tkienman. This is an indication of
the sharpness of the peaks and strength of selection for the peak. Adityanabeases the area within
10% of the maximum decreases, reflecting stronger selection for thadse pe

CONCLUSIONS

This model produced predictions for the evolution of allocation schedule in a
stochastically variable environment of both antagonists and mutualistsahitgal plants are
predicted to evolve a later, but still bang-bang, allocation switch to repradiuelative to plants
experiencing no variability, while other models of annual plants in variable eneraampredict
the evolution of a more gradual allocation schedule (Cohen, 1971; King and Roughgarden,
1982). This difference could arise due to the nature of the variable factor: othés mode
incorporate variability in an acute, lethal disturbance, while | incorparateonic sub-lethal
disturbance (herbivory) accompanied by a chronic benefit (pollination). To my lagayle
empirical tests of variability in chronic sub-lethal antagonists and msisialie lacking. Second,
perennial plants are predicted to evolve gradual allocation schedules. Mys@sgjéneral
agreement with previous models incorporating variability in acute lethatlostces. My results
suggest that annual plants evolve different allocation schedules under diffpesnbty
environmental variability, while perennial plants evolve a gradual allecatbedule under
either lethal or sub-lethal disturbances.
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CHAPTER FOUR

EFFECT OF DAMAGE AND POLLINATION ON PLANT MODE OF
REPRODUCTION

INTRODUCTION

Plants invading a new range are faced with many challenges, amongvbieing
herbivores and attracting pollinators in their new environment. Although escape fiakohes
may be a characteristic of some successful plant invasions (Maron an@0dlL; Keane and
Crawley, 2002), herbivores can be present in an invaded range. Herbivores may also be
introduced to a plant's invaded range as a biocontrol method, for example with the cdlstus m
Cactoblastis cactorurmtroduction in Australia (Raghu and Walton, 2007), and the water
hyacinth weeviNeochetinaspp. introduction in North America (Centgral, 1999b).
Pollinators can influence plant invasion by increasing sexual fitness of thersiyBdawvnet
al., 2002), although asexual reproduction or selfing can also allow invaders to reproduce without
pollinators (Herrera and Nassar, 2009). How herbivores and pollinators influetset
invasive plants, particularly reproductive traits associated with populatiordsgprda
establishment might have consequences for management of plant invasions.

Herbivores and pollinators are known or suspected to influence both sexual and asexual
reproductive traits in plants. Herbivore damage to leaves is known to reducé aspecss of
sexual reproduction (e.g. number of pollen grains and pollen performa@oeunbita texana
(Quesadat al, 1995), flower size iflRaphanus raphinistrurfLehtila and Strauss, 1997) and
Impatiens capensisSteets and Ashman, 2004), and number of open flow&atura wrightii
(Elle and Hare, 2002)). Some studies suggest that herbivory may be more likely tacmflue
sexual reproduction than asexual reproduction, where plants maintain rhizorfMesize and
Root, 1993; Wiset al, 2006) or clonal reproduction (Brathen and Junttila, 2006) after damage,
even while sexual reproduction is compromised. However, herbivores may be ablesiocifl
asexual reproduction through plant size (Underwood and Halpern, 2012). For example, smalle
plants may invest more in asexual reproduction relative to sexual reproductioagMerburg
and Grava, 1998; Svenning, 2000; Aarssen, 2008). Herbivore damage is also known to influence
plant defenses (Kaplaat al, 2008), and if trade-offs between defense and reproduction exist
(Karban, 2011), herbivores may be able to influence allocation to reproduction igdirect

Pollination also has been shown to influence sexual reproductive traits, for example by
decreasing the length of time that flowers are op&hiamerion angustifoliurfClark and
Husband, 2007) and number of open flowerSatyrium longicaudé#Harder and Johnson,
2005). Pollination failure in early-opening flowers increased nectar volume and paskgpt in
late-opening flowers oAlstroemeria auredlLadio and Aizen, 1999), and caused a shift from
semelparity to iteroparity ilpomopsis aggregatéPaige and Whitham, 1987). While there is to
my knowledge no study exploring the effect of pollinator availability on clonal piaits,
pollination has been show to affect plant size traits (Snow and Whigham, 1989) which could in
turn influence asexual reproduction. In addition, tradeoffs between asexual arld sexua
reproduction (e.g., Geber, 1990; Bowers, 1996) could implicate pollinators in indfests &n
asexual reproduction.

Because mode of reproduction can have important implications for dispergyleatull
offspring establishment, herbivore and pollinator effects on mode of reproduction could be
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important for spread of establishment of invasive plant species. Sexual reprodilmivsrfa
longer-distance seed dispersal (Eriksson, 1997), while asexual reproduction thegetgtiive
propagation might confer high rates of offspring establishment and survivaé(&land Nassar,
2009). Knowing whether a plant species is likely to disperse or establish eagibermaportant
for management: easily dispersing species may need strong quarantineemeadereasily
establishing species may need local population suppression measuresatisdaac
environment (its herbivores and pollinators) influences that plant's mode of reprodinctsen, t
responses need to be taken into account in invasive plant management.

Here | use the invasive aquatic pl&nthhornia crassipeto look at how pollination and
damage by different life stages of a specialist weevil influencetmess in flowers and clonal
offspring. Larval weevils damage apical and axillary meristemseveltililt weevils damage
leaves. | expect apical meristem damage (i.e., loss of sexual reppojiteicause a shift to
asexual reproduction, while | expect axillary meristem damage (i.e.ol@sexual
reproduction) to cause a shift to sexual reproduction. If leaf damage is nmomeedad! to sexual
than asexual reproduction, as has been suggested in some studies (Meyer and Root, 1993;
Brathen and Junttila, 2006; Wiseal, 2006), | expect leaf damage to reduce flowering and
either increase or cause no change in clonal offspring production.

In order to assess the potential contribution of induced resistance to investme&oaln se
and asexual reproduction, | also test for induced resistance to manual ahdansage. To
assess natural levels of reproductive expression, damage, and resistangalii.natssipes
populations, | conduct population surveys and common garden experiments.

MATERIALS AND METHODS

Study System

Eichhorniacrassipeqwater hyacinth, Pontederiaceae) is a freshwater aquatic perennial
native to South America. Plants float freely in rivers and lakes, the roots r@nal ceizome
buoyed by air-filled petioles. An apical meristem produces new leaves upmimilorescence
is formed, after which no new leaves can be produced. Axillary buds are forrhezhait new
leaf, and can either produce clonal daughter plants via stolons, or less often, cae aroduc
continuation stem that allows the parent plant to produce an additional inflore§Gebeget
al., 1992). Inflorescences have many lavender flowers (mean inflorescence nuUBIBeBE =
0.3 in this study, n = 62), which are pollinated by a variety of insect visitors in the rerige
(Barrett, 1980). Flowers are self-compatible but herkogamy and a lacKiobpmks seem to
limit seed set in the north Florida populations used in this study (pers obs). Rlemtoliected
from five populations in north Florida (Figure 15): Lake Munson (N30.37000°, W84.31465°;
hereafter "MUN"), the upper Wacissa River (N30.34384°, W83.99923°; hereafter "\MAE")
Crooked River north of Carabelle, FL (N29.92872°, W84.62568°; hereafter "CRK"), the St.
Marks River north of Newport, FL (N30.225978°, W84.156243°; hereafter "STM"), and a canal
at the confluence of the St. Marks and Wakulla Rivers in St. Marks, FL (N30.155261°,
W84.208277°, hereafter "SMW").
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Figure 15. Map of fivdcichhornia crassipepopulations sampled in north Florida. Survey and collection
sites are marked with a solid circle (¢). Experiments took place Midston Road greenhouse facility in
Tallahassee.

The specialist water hyacinth weeuNgochetina eichhorniaandN. bruchi
(Curculionidae) are used for biocontrol in the US. Both species have been found tdgeduce
crassipessize and inflorescence production (Cermeal, 2005) as well as population growth
(Centeret al, 1999b). These two species were used interchangeably in the experimentsdlescribe
here.Weevils were collected from plants at the STM site and at Weems Pond in 3sélehBL
(marked with * in Figure 15, N30.455525°, W84.222849°).

The experiments for this study were conducted in spring and summer of 2010, 2011, and
2012 (see Table 5 for summary of experiments), at the Florida State Ugikission Road
facility (N30.458269°, W84.332954°) in either outdoor cattle tanks (325L) or indoor greenhouse
glass tanks (50L). New plants were provided for each set of experiments. \Wéae supplied
with well water in all years, and in 2011 and 2012 were fertilized as needed-fvgh 2f
Suncote 15-8-11 slow release fertilizer and 0.2 g/L Miller Iron Chelate DP d.0cteffbivores
were removed from plants in outdoor tanks as they were found, but some caterplitay fee
damage (estimated < 1%) occurred. No pollinators were observed at any point.

Direct influence of damage on flowersand clonal offspring

| conducted similar experiments in 2010 and 2011 to examine the effects of four damage
treatments ol. crassipesllocation to flowers versus clonal offspring. In the 2011 experiment |
also manipulated pollination. Damage treatments in both experiments simatatddt adult
weevil damage by manually imposing damage. Damage treatments were intendestigaireve
how different damage types, not necessarily damage amount, influenced planteesyteeyil

32



larvae damage both apical and axillary meristem tissue (Stark and Ges@y Centeet al,
2005). To simulate larval damage to apical meristems ("AP" damage tréatmased forceps to
destroy the single apical meristem of the plant by removing the young®gbanded leaf and
the underlying tissue down to the rhizome. To simulate larval damage to auldsy("AX"
damage treatment) | used forceps to destroy all visible axillary buds dadyimg tissue down
to the rhizome, terminating stolon production. Adult weevils of both species |leaaetehistic
feeding scars on the leaf surface. To mimic adult damage | used a razoobkzmeve
approximately 25-30% of the plant’s leaf surface tissue evenly distributessaexpanded
leaves ("LF" damage treatment) in small patches while leaving undgfighous tissue. Manual
leaf scarring was three times more severe than the maximum damagsthyeadils in the
natural populations surveyed (approximately 10% of leaf area, pers. obsjlabeafe was
severe in these experiments to assess potential plant responses to considueade@antrol
plants ("CN") were not damaged, but were handled similarly to damaged plantsuatsor
effects of physical manipulation.

Although the 2010 and 2011 experiments used identical damage manipulations and
measured responses, there were some differences in experimental degigh0, IAX damage
was performed once, while in 2011 AX damage was ongoing for ten days. Experimfengsl dif
in sample size (n =120 in 2010, n = 306 in 2011), exposure to insect herbivores (plants in all
damage treatments were exposed to weevils in 2010, while no plants were exposadsarwe
2011), and time frame of measured responses (allocation responses were measyedfgf da
damage in 2010, and 11 days after damage in 2011, plant survival was also measured through
100 days after damage in 2011). The 2011 experiments also included pollination treatittents, w
pollen receipt (hand pollination or no pollination) crossed with all four damage tregatme

Allocation response to manual damage: 2010

In 2010, 120 plants (38 CRK, 8 MUN, and 74 WAC,; population representation is uneven
due to population size differences) were maintained in six outdoor tanks, each holding20 pla
| measured initial leaf number and wet biomass before imposing one of the four damage
treatments, LF, AP, AX, or CN, distributed evenly across tanks and populationsureteas
change in leaf number from the initial measurement to 37 days post-damageurecheasnber
of clonal offspring produced as clonal offspring at 37 days post-damagea(d pegan the
experiment with no clonal offspring). Plants were monitored for flower productionrbaseho
plants flowered in this experiment.

Net change in leaf number and total clonal offspring number (log transformesl) we
analyzed with separate Type Il SS ANOVAs. Original models includecdartreatment,
population of origin, tank, and all interactions. Tank and population were treated as dioeg, fa
because multiple populations were sampled only for genetic diversity, not to ineestigat
population differences, and because | am not concerned with interpreting effieetstity of
tank. | conducted hierarchical model reduction by eliminating non-significamaattons with a
drop function (R Development Core Team, 2008). Where ANOVA yielded signifitfaots |
performed Tukey's HSD for pairwise comparisons between damage treatifentinal model
for change in leaf number included damage treatment, population, and tank main éfects; t
final model for clonal offspring number included damage treatment.
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Table 5. Experiments performed in 2010, 2011, and 20Elaithornia crassipesResponses indicate
those measured, not necessarily those included in the final model of thesarg&dy text for details.

RESPONSE VARIABLES PREDICTOR VARIABLES YEAR
Direct influence of damage on flowers and clonal offspring
Allocation response to manual damage 2010
Leaf number Manual weevil damage (apical, axillary, leaf, control)
Clonal offspring number Population

Block
Allocation response to manual damage and pollination 2011
Leaf number Manual weevil damage (apical, axillary, leaf, control)
Clonal offspring number Pollination (supplemental, none)
Flowers produced Population
Plant survival Initial mass
Fruit number Initial leaf number
Seed mass Block
Allocation response to insect damage 2012
Leaf number Leaf damage (manual, insect, control)
Clonal offspring number Initial leaf number
Indirect influence of damage via induced resistance
Defense response to manual damage: whole-plant choice 2010
Scar number Manual weevil damage (apical, axillary, leaf, control)
Number of weevils per plant Block
Defense response to manual damage: no choice bioassay 2011
Scar area Manual weevil damage (apical, axillary, leaf, control)

Date of bioassay

Population

Block
Defense response to adult weevil damage: no-choice bioassay 2010
Scar number Leaf damage (manual, weevil, control)

Block
Defense response to adult weevil damage: whole-plant choice 2010
Number of weevils per plant Leaf damage (manual, weevil, control)
Natural levels of reproductive expression, damage, and resistance: field surveys 2011
Plant density Population

Leaf number

Clonal offspring number
Weevil density
Inflorescence density

Genetic variation in reproduction and defense: common garden 2011
Leaf number Population

Clonal offspring number

Flowers produced

Bioassay scar area

Allocation response to manual damage and pollination: 2011

In 2011, 306 plants (153 WAC and153 CRK) were maintained in 38 greenhouse tanks,
each tank containing four plants from each population. | measured initial leaf nurdeaat
mass, and imposed each one of the four damage treatments evenly across tanks amhpopulati
LF and AP treatments took four days to impose on all 306 plants, while AX treatmentsiednti
over 14 days as new buds developed. Data collection subsequent to initial damage ocaurred ove
four days so that data were collected from all plants after the sameartoteealamage. After 14
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days, plants became too large for their tanks and were transferred to outdedakdst with
approximately 20 plants per tank.

| measured allocation responses to damage 11 days after initial damagehigtiehigh
and unbalanced mortality, particularly affecting AP plants, allowed analfysigvival data
only. High mortality in AP plants was likely due to damage treatments, but moaedoss
damage treatments may have been due to a failure to thrive in the indoor tanks. Savival w
assessed at 27, 41, 60, 80, and 100 days post-damage. Fruit number was measured in plants
receiving hand pollination (no fruit set occurred without hand pollination). Frures eadlected
as they matured, and seeds were separated from fruits and weighed.

| analyzed change in leaf number and total clonal offspring number 11 days aféeyeda
treatment with Type 1ll SS analysis of covariance (ANCOVA). Modetkided damage
treatment, initial leaf number (except where change in leaf number Bssihense), initial plant
mass, tank, and all two-way interactions (except tank) with damage treakperiormed model
reduction as for the 2010 data. Flower production and survival to 27, 41, 60, 80, and 100 days
were analyzed with Chi-squared tests. Fruit set (per pollinated floarisgeed mass per fruit
for hand-pollinated plants were analyzed with Type 11l SS ANOVA, includingaggm
treatment, population, and damage-by-population interaction. Final models includedagnly m
effects of damage treatment and population.

As plants in the 2011 damage experiment began to develop flowers (between days four
and 11 after initial damage), they were assigned to either hand pollination or natipallina
treatments, so that each damage treatment group had approximately echexbmifpollinated
and non-pollinated plants (except the apical damage group, which did not produce flowers).
Pollination treatments were imposed on 64 plants (31 hand pollinated, 33 not pollinated) using
pollen from a different population.

The effect of pollination treatment was analyzed for the differencefind@aber from
the start of the experiment (day zero) and day 27 (at least two weeksoditetipn treatments
ended), and square-root transformed total clonal offspring production from day 1ihéhead
of pollination treatments) to day 27. Lack of subsequent flower production precluded further
analysis of flowering response.

To analyze pollination main effects and damage-by-pollination interactioesl ltyjse
[l ANCOVA models including pollination treatment, damage treatmentairigaf number
(except where leaf number is the response variable), initial plants massjlarietzause this
analysis is intended to examine the damage by pollination interaction, thetiotetaon was
always retained in the model.

Allocation response to insect damage: 2012

In the experiments described above | used manual damage to assess alks@dioses
because this allowed more experimental control, but insect damage mayndiffesequences
from manual damage. In order to determine if insect herbivory alters allocateaves, clonal
offspring, or flowers, | tested allocation responses to adult weevil (lea@g manual leaf
damage, and no damage (control). Difficulties in manipulating larval vegenélvented me from
testing allocation responses to weevil meristem damage. Sixty plants (&&hé/)naintained in
a single outdoor tank. Twenty plants were individually bagged with two male weevilgyenpr
oviposition and larval damage) for four days; control and manually damaged plants ggaée ba
but undamaged for this period. Insect damage in this experiment averaged about 3R&abf the
surface, within the natural range of damage. After four days, weevils wesggdrand manual
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damage was imposed on twenty different plants. Manual damage was imposed as in the
previously described experiments at approximately equal levels of thasé&u by insects in this
experiment (3-4%). Leaf, clonal offspring, and flower production were medsiiiseven, 14,
21, and 28 days post-damage. | analyzed damage treatment effects on logatexhsf@ange in
leaf number and log-transformed total clonal offspring production with ing@ldumber as a
covariate with Type 1l SS ANOVA. Only one plant produced flowers during thisgesb
flower production was not analyzed.

Indirect influence of damage via induced resistance

Damage treatments could influence plant allocation patterns directly, buethduc
defenses in response to damage (Kaptaad, 2008) could also affect allocation to reproduction
through a predicted cost of defense (Stamp, 2003). Although simulated damage mayidil to e
the same responses as real herbivory (Walling, 2000), manual damage can inducs itkefense
some cases (McCall, 2006). | conducted experiments in 2010 and 2011 tdEassassipes’
defense response to manual and insect damage, measured by adult beetle, rieeciaice
bioassay (in 2011) and whole plant choice trials (in 2010). Insect preferencesattius |
whole-plants would indicate induced, but not necessarily systemic, defenses in réspbase
four manual damage treatments. Insect responses to undamaged leaves in the ihicessae
would indicate induced systemic defenses in response to the four manual dantengatsea

Defense response to manual damage: whole-plant choice

This experiment used the 120 plants in the 2010 manual damage experiment (38 CRK, 8
MUN, and 74 WAC). Sixty to 72 hours after damage treatments, the plants were splibuyps g
of ten (two per outdoor tank) approximately evenly across the four manual dapsgestits
(AP, AX, LF, and CN) and population of origin. The number of scars from manual damsge wa
counted, and each group of ten plants was placed in a large mesh bag. Newatigtinaspp.
weevils were released into half the groups, where they quickly found refugeplatie and
were allowed to forage for four days. After four days, | noted which plants iw&easie on,
removed them from the plants, and counted scars on the leaves. | quantified herbiverashoi
weevil number per plant and amount of weevil damage per plant (difference in scar number
before and after weevil introduction). | repeated these procedures again B2telaystial
damage treatments, reversing herbivore and no-herbivore treatments sovibasjyre
unexposed plants received herbivores.

| analyzed the effect of initial damage treatment on the change in scarmilogbe
transformed) accumulated over both rounds of damage with a fixed effects TySeAINGVA,
with tank as a blocking factor. | analyzed effect of damage treatment drenoirherbivores
recovered from plants from the early-exposure group (log transformed) amatketiegposure
group (square-root transformed) separately, with Type Ill SS ANOVAsablas were
transformed to meet assumptions of normality and homogeneity of variance.

Defense response to manual damage: no choice bioassay
This experiment used a subset of plants from each damage treatment in the 20EL damag
experiment. Induced response to manual damage type was measured witbay livoasiays
after damage (n = 109 plants, minimum 20 per damage treatment) and ten dalanadige (n =
80 plants, minimum 18 per damage treatment). | excised and photographed the xjestice @
leaf of each plant and placed the leaf in a 5.5 ounce (163 mL) plastic cup, filled vathawdta
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paper towel to elevate the leaf blade above the water, enclosed in a meshdagthree adult
Neochetinaspp. weevils were allowed to feed for 24 hours, after which the leaf was re-
photographed. Photographs were analyzed to measure leaf area damaged during#ye bioas
Scar area per weevil was used as a measure of susceptibility to herlrivesgmonse to

different damage types. Scar area was analyzed with Type Ill SS/AN©response to damage
treatment, date of bioassay, population, and tank main effects. All factorsaxeerbdcause
multiple populations were sampled only for genetic diversity, not to invesfoggulation
differences, and because | am not concerned with interpreting effedentfty of tank.

Defense response to adult weevil damage: no-choice and whole-plant choice

In 2010 | tested for induced resistance following insect damage. Thirty pfiambs (
population CRK) received either manual damage, insect damage, or no damage, and plant
resistance after damage was measured in no-choice and choice biddasags.damage was
imposed as in the previous experiments, damaging approximately 25-30% of Hreded eaf
damage was imposed by bagging an entire plant and allowing 10-15 weevils p&w fdadtfor
four days. Final damage levels were approximately 10% damage per tsafil¥\Were not
sexed, so females may have had the opportunity to lay eggs, but eggs would not have had time to
hatch before the bioassay (Deloach and Cordo, 1976; Stark and Goyer, 1983) so damgge was b
adults only. Induced resistance to larval damage was not measured due taydifficul
manipulating larvae, which mostly feed internally. Control plants were handlesbbdamaged.
Three plants (one from each damage treatment) were caged in each oktefilladtrays in
the greenhouse, so that each cage formed a three-plant block.

For the no-choice bioassay, | excised the central expanded leaf of each plant for a
overnight 14-hour no-choice bioassay by four weevils. The level of plant resistaace
measured as the difference in scars on each leaf before and after dEmeadjéference in the
number of scars (square-root transformed) was analyzed with a Ty@AINSVA in response
to damage treatment and cage (fixed factors) main effects. The final mcddded damage
treatment only.

For the whole-plant choice, I left the plants in the three-plant caged blocks and
introduced 10-15 randomly selected weevils from the previous feeding trials. Thiéswese
allowed to forage for 24 hours. | used a Type Ill SS ANOVA to analyze proportion oflsveevi
found on each plant in response to damage treatment type, with plant biomass asie covari

Population surveys
Natural levels of reproductive expression, damage, and resistance: field surveys

To obtain information about levels of herbivory and allocation in natural populations of
E. crassipeson June 24-26, 2011, | surveyed three north Fl&idaassipepopulations (CRK,
WAC, and STM). | measured plant density and clonal offspring density in 0.5 x 0.5 m quadrats,
leaf number per individual per quadrat, and weevil density per plant with a visudl.sear
Population differences in plant density, leaf number, clonal offspring number, wesesitlycle
and inflorescence density recorded in the field were analyzed with a sintgle hultivariate
analysis of variance (MANOVA). Post-hoc ANOVAs were performed if MARA results
indicated significant differences. | excised and photographed three hapharaskn leaves
from a minimum of 20 plants in each population to measure leaf size and damage via image
analysis; differences among populations were analyzed with ANOVA.
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Effects of population were also included in the 2010 and 2011 damage and pollination
experiments. For clarity | will discuss any significant effects of paulan leaf number,
clonal offspring production, or herbivore preference from those experiments in damumith
population differences found in field surveys.

Genetic variation in reproduction and defense: common garden

To determine if differences in allocation pattern or resistance among populatgirts
have a genetic basis, | transplanted plants from each surveyed population into a common
environment. In 2011, | collected 20-24 individual plants from each of three populations (CRK,
WAC, and STM), selecting apparently representative individuals throughout eachtipopula
Plants from each population were split evenly between two outdoor cattle tanks andstovey
leaves, clonal offspring, and flowers immediately after transplantqijand again on days 17,

30, and 37 after transplant. Due to rapid asexual reproduction by focal plants, clonaédaught
plants were removed from parent plants at each survey to prevent them fromgoodéiaiimd
becoming untraceable to their parent. Bioassays were performed at day 20 and day 36, on a
different subset of plants each time. For each bioassay, the central expahdéedeh parent

plant was excised, photographed front and back, and placed in a bioassay chamber with three
Neochetinaspp. adults for 24 hours, and re-photographed for image analysis of damaged area
using ImageJ measurement software (Rasband 2012).

Population differences in leaf number at day 16 and day 53 after transplant of the
common garden experiment were analyzed with two separate Type Il SS AN®UYpulation
differences in clonal offspring number were analyzed with two separat&af\Wallis tests.
Population differences in flower and inflorescence presence/absenceagle@nalyzed with a
single binomial GLM including only the end of the experiment, since no flowers or
inflorescences were present at the beginning. Each model for leaf nurobat,offspring
presence, and inflorescence presence included only population as the independeet variabl
Population effects on leaf area damaged during bioassays at day16 and day 33gftantra
were analyzed with a Type Ill SS ANOVA including only population as the independent
variable. All analyses were done R 2.10 (R Development Core Team, 2008).

RESULTS

Direct influence of damage on flowers and clonal offspring

In 2010, plants with apical damage produced fewer leaves than plants in all othge dama
treatment groups ghoo= 12.56, P < 0.0001, Table 6, Figure 16A) and produced more new
clonal offspring relative to both control and leaf-damaged plagtsd& 3.77, P = 0.012, Figure
16C). In 2011, plants with apical damage produced fewer leaves than control plasis (F
108.39,P < 0.0001, Figure 16B), and in 2011 were less likely to flower over the entire 100 day
experiment* = 24.23, df = 3P< 0.0001; Figure 17). In 2011, axillary damage increased leaf
number (kg 262= 108.39P < 0.0001, Figure 16A) and decreased mean clonal offspring number
(Fs. 299= 12.71,P < 0.0001, Figure 16C). Damage type also influenced mortality in 201 (
32.68, df = 12P = 0.001; Figure 18), with plants receiving apical damage not surviving as long
as plants in other damage treatment groups. No damage treatment influenced truseed
mass. In no experiment did leaf damage affect leaf or clonal offspring produnt2012, insect
damage had no effect on leab (&= 0.99,P = 0.38) or clonal offspring productionA{ks= 0.22,
P =0.81). Pollination treatments (2011 only) had no effect on leaf or clone production (data not
shown).

38



Table 6. ANOVA table of responses to damage treatments in 2010 and 2011.réHawd models
reduced from original models (see text for details) by drop function in R.

Final model Response df F P

Change in leaf number (2010) = Damage Damage treatment 3 1256 <0.001

treatment + population + block Population 2 8.35 0.0005
Block 5 2.41 0.04
Residual 109

Change in leaf number (2011) = Damage Damage treatment 3 108.39 <0.001

treatment + initial mass + block Initial mass 1 15.68 <0.001
Block 37 2.1 0.0005
Residual 262

Clonal offspring produced (2010) = Damage Damage treatment 3 3.77 0.01

treatment Residual 116

Clonal offspring produced (2011) = Damage Damage treatment 3 12.72 <0.001

treatment + population Population 1 6.11 0.014
Residual 299

Indirect influence of damage via induced resistance

In 2010 whole-plant weevil choice experiments, leaf damage decreased daceagsire
37 days later (F114= 4.34,P < 0.01, Figure 19A). None of the damage treatments affected
number of herbivores recovered at either three or 12 days post-damage. None obtiee dam
treatments differed significantly from undamaged plants in bioassayrseatea days after
damage. However, apically damaged plants and leaf damaged plants receivigchstiggt
damage than axillary damaged plantg {&z= 3.61,P = 0.02, Figure 19B).

In bioassay experiments following manual and insect leaf-only damage, insegjala
decreased subsequent damageE 7.25,P < 0.01, Figure 20) and increased variation in
damage (Bartlett's K = 15.62, df =R= 0.0004), but manual leaf damage had no effect on
damage relative to control plants. Neither insect nor manual leaf damagmast! whole-plant
herbivore choice (k 24=0.9149P = 0.41).

Population surveys
Reproductive expression, damage, and resistance: field surveys
Populations differed in plant and herbivore characteristics in 2011 field subgeys=(
3.55, P = 0.02). Post-hoc ANOVAs (Table 7) show differences in scar area peetdéaf
size, leaf number per plant, plant density per quadrat, and clonal offsprinty geemsjuadrat.
Population sometimes influenced plant traits in the 2010 and 2011 damage and
pollination experiments. Change in leaf number in 2010 was largest in plants from CRK
population (mean change in leaf number = 3.3, SE = 0.5) and smallest in WAC population (1.08
+ 0.1, effect of population f109= 8.35,P = 0.0004). Clonal offspring production in 2011 was
greater in plants from CRK (mean clonal offspring = 0.74, SE = 0.13) than from WAC (1.2 +
0.15, effect of population F,99= 6.12,P = 0.014). In 2010, there were more scars received and
more weevils found on plants from the MUN population (mean scar number = 161, SE = 17.6;
mean weevil number = 1.25, SE = 0.78) than either the CRK (57.5 £ 8.4 and 0.16 + 0.08,
respectively) or WAC (68.3 £ 6.2 and 0.92 + 0.15 respectively) populations4{¥ 7.56, P =
0.0008 and i 54=5.62,P = 0.008, respectively).
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Table 7. Plant traits and herbivory levels in three natickihornia crassipepopulations. Populations
differed significantly where values are in bold. F- and p-values aredostrhoc ANOVAS.

% Weeyil Leaf Leaf azrea Plant densitzy Clone densigy

Pop damage density number (cm?) (per 0.25 m") (per 0.25 m")
WAC 0.04+0.02 0 5.0240.23  19.25+1.82 1.4+0.4 0
CRK 5.7+2.0  3.25+2.63 7.4+0.05 41.7943.5 6+0.58 3.5+1.04
STM 8.1+1.6 4+1.78 5.05#0.15  35.45+3.74 3.5+0.5 1.75+.48
F-value 11.96 1.7208 7.92 17.03 23.05 13.66
p-value <0.001 0.23 <0.001 <0.001 <0.001 <0.01
df (res) 51 10 10 51 10 10

Genetic variation in reproduction and defense: common garden

Populations differed significantly in leaf number 16 days after transpi@n&icommon
garden (k 62=4.429,P = 0.01), but did not differ 53 days after transplant (Figure 21).
Populations differed in clonal offspring number both at the beginning (Kruskalsyfati
24.4953, df = 2P < 0.0001) and end (Kruskal-Wallj§ = 6.5749, df = 2P = 0.037, Figure 22)
of the common garden experiment, but the nature of those differences changed awansthefc
the experiment. At the early survey CRK had more clonal offspring than Sittror WAC
populations. By the late survey, CRK and WAC had converged, while STM clonal offspring
production rate remained low.

All populations produced inflorescences only at the later survey dates, and/¢nenso
significant population differences in inflorescence production 53 days afteptant.
Populations differed in bioassay damage 33 days after transplapt<B.5369P = 0.02). The
CRK population received more damage (mean scars per leaf = 2.11, SE = 0.14) thakA@her
(1.45£0.17) or STM (1.39 + 0.18) at the 33 day bioassay.
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Figure 21. Mean leaf number for three populations over 37 days in a common gaidatiéhs
differed in leaf number at day zero, (= 4.43,P = 0.01) but not at day 37. Error bars show = 1 SE.
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Populations differed in clonal offspring number at day’G=(24.4953, df = 2P < 0.0001) and at day 37
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SE.

DISCUSSION

Plants invading a new range may face a biotic environment that influences their
reproductive mode, and therefore their dispersal and establishment ahilitids.dtudy, | asked
how the invasive plarEichhornia crassipesesponds to damage and pollination. | found that (1)
manual larval damage influenced reproductive expression directly, but manualaadate had
no effect; (2) manual larval and adult damage did not induce defenses (although teal adul
damage did), and therefore did not influence reproductive expression indireatighhr
allocation to defense; (3) populations differ in reproductive expression, damage,istathces
but (4) there is little evidence for genetic differentiation in allecato reproduction or defense
among natural populations. My results suggestNeaichetinaspp. larval herbivory may
increase individual plant size via leaf production and increase population growth via promotion
of asexual reproduction. Because these weevil species are frequently usedofardiioc
management of invasie. crassipepopulations should involve careful monitoring of
Neochetinaspp. effects.

Direct influence of damage on flowers and clonal offspring

Damage-induced resource allocation shifts are expected to preserve oroegase
asexual reproduction, sometimes at the expense of sexual reproduction (Meyer ad@%3ot
Brathen and Junttila, 2006; Wiseal, 2006). My study seems to agree with these expectations,
in that both apical and axillary meristem damage elicited allocatiots $tnfard plant parts that
either directly increase asexual reproduction or may indirectly incesas@ial reproduction.
Apical meristem damage decreased leaf (Figure 16A-B) and infloresgéguees 17)
production and increased clonal offspring production (Figure 16D). This suggestéibiaibn
of individual growth or sexual reproduction, or both, initiates increased allocatioexizehs
reproduction. An increase in asexual reproduction after apical damBagerassipesvas
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evident after 37 days (Figure 16B), but not after 11 days, indicating that while ttteseffet
immediate, in a species lile crassipeshat experiences rapid population growth due to asexual
reproduction, allocation shifts to asexual reproduction can be reasonably swift.

Axillary meristem damage increased leaf production (Figure 16A) and did ngeha
flower production. This suggests that inhibition of asexual reproduction initiatesgect
allocation to individual growth, but does not directly influence sexual reproduction. Bewause
leaves make possible new axillary buds (Geltexl, 1992), an increase in leaf number
following axillary damage could indirectly promote further clonal offspriragpction. An
increase in clonal offspring production following an increase in leaf productiordwauk been
missed by this study (which measured clonal offspring production only to 37 daydaafigge)
if new clonal offspring production lagged substantially behind leaf production.

There were two differences in results between the 2010 and 2011 experiments testing
allocation response to manual larval and adult weevil damage: apical damagsedatlonal
offspring production only in the 2010 experiment, while axillary damage increaged lea
production only in the 2011 experiment. These differences in plant responses may be due to
differences in the duration of the experiments and timing of data collection. The 2010
experiment surveyed for responses after 37 days, and perhaps this longer tohalfmeved
clonal responses to apical damage to manifest. In contrast, although the 2011esperim
surveyed for responses after 11 days, the axillary damage treatment wag @vgoithose 11
days, and this higher level of damage may have been necessary to elicit aeréspansage.
Together, changes in leaf and clonal offspring production following damage strpgerbffs
between sexual and asexual reproduction, but also indicate that different respolaseadge
occur on different time scales or after different levels of damage. Bféglbave be difficult to
guantify in many plants, but when measured in terms of meristems that can prtierca ei
sexual or asexual structure, a$wlygonom arenastrurfGeber, 1990)0puntia engelmannii
(Bowers, 1996), oE. crassipesthey may be more evident.

Pollination treatments did not influence subsequent flower or clonal offspring paducti
indicating that successful pollination neither elicits an allocation shify &wen growth or
asexual reproduction to produce additional flowers, nor does it shift resourcesenvay f
flowering, as has been found in some systems (Harder and Johnson, 2005). A lackiyf priori
given to sexual reproduction does not appear to hinder population grokitlerassipes
invasive populations, which grow primarily through asexual means (Bock, FiéBhornia
crassipestontinued investment in numerous showy flowers makes little sense in light atkhe la
of pollinators in the invaded range. Results from the common garden studies (discussgd below
however, suggest that the three north Florida populations studied here, which ate2étkeas
apart, have little genetic differentiation in growth and reproductivs.tidthough | have no
measure of within-population genetic variation, it may be possible that piahisse
populations have little enough genetic differentiation to reduce responsectiselecreasing
sexual reproduction.

Indirect influence of damage via induced resistance

The manual leaf damage did not induce systemic defenses, although inse@ daimag
(Figure 18). Given this, the allocation responses to manual damage in my expelikegnt
reflect only the direct influence of damage on reproductive allocation, not an inafheence
though trade-offs with defense allocation. It is interesting to note that maatidamage did
influence whole-plant herbivore choice as measured by damaged area (Figuresl8)ggbsts
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that herbivores were less likely to feed on a damaged plant due to the presence ofymanuall
damaged tissue itself, but not due to induced plant defenses. Some herbivorous insects do
respond to the chemical composition of leaf surface wax (Bernays and Chapman, 1994);
disruption of the surface wax in my study may have deterred feeding. The laldcafiah
responses to insect damage demonstrated in the 2012 leaf damage experimenthatitppés
damage, whether imposed manually or by weevils, plays no role in allocatiam petten

though insect damage did induce defenses in the 2010 experiment (Figure 18). This thaggests
there is no trade-off between systemic induced defense response and reprofiicaiena
Trade-offs between reproduction and defense are predicted (Stamp, 2003) buthraysot

found (Koricheva, 2002).

Population surveys

Results from 2010 and 2011 damage experiments indicate that plants from the CRK
population added more leaves and produced more clonal offspring than plants from the WAC
population, and surveys of natural populations in 2011 indicated differences in leaf size, leaf
number, plant density, and clonal offspring density among populations. This swaggeffesct of
either local environment or genetic differences among populations.

Differences in herbivory levels in natural populations may be due to either insec
abundance or plant resistance levels. The STM population had more natural damage than the
CRK or WAC populations, and a higher (but not significantly) weevil density €T@bIBecause
STM plants received less damage (but not significantly) in no-choice trialshiidather
populations (Table 7), it appears that differences in natural damage leveisrarlikely to be
due to variation in insect abundance than in resistance levels. However, comman garde
experiments show that after 33 days in a common environment, population differences in
damage acquired in no-choice bioassays did emerge, with the CRK population showing less
resistance (approximately 50% more scars) than either STM or WAC popslati

Common garden experiments suggest that differences in size and asexual tieproduc
among four field populations are not strongly genetically based. Although clifsyailing
production still differed among populations after 53 days in a common environment, these
differences were greatly reduced (Figure 20), while differencesfipteduction among
populations had disappeared. These results may mean that there is little djfieetntiation
amongE. crassipepopulations in north Florida for size and leaf production, but there may be
some genetic variation in herbivore resistance. Genetic diversity witdiaraong populations
throughout much dE. crassipesinvaded range is quite low (Zhaegal, 2010), and the north
Florida populations in this study rarely produce fruit (pers. obs.), suggestingutiabifrithe
variation in allocation to sexual versus asexual reproduction in the N. Floridaisahgeto
plastic responses to the environment.

CONCLUSIONS

Overall, results from these experiments suggest that environments with high wee
abundance are likely to elicit increased asexual reproductiendrassipesThis pattern of
asexual growth in a high-damage environment may contribledassipessuccess despite a
paucity of pollinators in its invaded range. It does not, however, explain the appareess of
biocontrol efforts usingNeochetinaspecies (Centeat al, 1999a; Centeet al, 1999b), since it
seems to indicate that biocontrol will increase population growth through asepraduction.
My results may conflict with previous work due to differences in damage lenptsed or
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effects of natural herbivory that my study was unable to measure. Althougtathal adult
weevil damage imposed in these experiments was more severe than that founielich, thenky
be that larval damage in the field is more severe than in these experimentpavid of
reducingk. crassipegopulation growth. It is also possible that larval damage could facilitate
secondary infection by pathogens (Thaleal, 1999; but see Thalet al, 2004), which was not
a factor in my experiments. While the potential for other effects of damageas secondary
infections, warrants attention, the results described here highlight ouableck of knowledge
about the effects of herbivores on asexual reproduction, and given the number ofyasexuall
reproducing plant species, asexual plant responses to the biotic environmentfdetheve
research.
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CHAPTER FIVE
CONCLUSION

The variation in plant traits seen in nature is shaped in part by the biotic environment
plants experience, and plants themselves play a role in shaping that environment. WWeaknow
herbivores and pollinators can together influence host plant traits in waysrthat be
predicted when considering each group individually (Stratiag, 1999; Mothershead and
Marquis, 2000; Milleret al, 2008). However, there are several aspects of how herbivores and
pollinators influence host plants that deserve more research, and the goals sfertgtiton
were to explore some of these aspects. In general, my dissertationosegikotve our
understanding of how insect herbivores and pollinators interact with plants ® waeation in
plant traits, and how plant traits mediate interactions between herbivareslanators.

My results show that herbivores and pollinators potentially limit plant sizel@ndring
trait expression ihamerion angustifoliurthrough both within- and across-year effects.
Reduction in pollen receipt and insect damage (through stigma excision and ichsebtith
affected plant traits. However, while fruit set responses suggest that fooflineere responsive
to both insect damage (manipulated by insecticide) and plant size and flowetsg trai
(manipulated by stem and flower removal), insect herbivores responded only to pmdien re
(stigma excision) and were unexpectedly unresponsive to other plant traits.ully seggest
that the overall effects of herbivores and pollinators on plant size and floweriadavar
intermediate trait expression.

| found indirect effects in both directions between herbivores and pollinators; while
indirect effects of herbivores on pollinators are somewhat common (Lemdil&teauss, 1997;
Steets and Ashman, 2004), effects in the other direction are rarely demonstoatedek
failure to demonstrate pollinator effects on leaf herbivores may be dueiliara fa look for
them, and my results suggest they should be considered.

The across-year effects of both herbivores and pollinators in this study ereghasiz
need for multi-year studies on perennial plants. Across-year effects of hegoarat pollinators
have been found in other systems (e.g., Snow and Whigham, 1989; Sacchi and Connor, 1999;
Prattet al, 2005; Sletvold and Agren, 2011), but single-year studies of perennial plants are still
common.

When multi-year studies are not possible, modeling can provide predictions ofdifeti
effects. My model agrees with predictions for evolution of allocation schedule vaniadle
environments (Cohen, 1971; Perrin and Sibly, 1993), and predicts selection for latenfiawer
annuals and for simultaneous growth and flowering in perennials in variable herbivory and
pollination environments. While other models do not predict evolution of late flowering for
annual plants, the inclusion of both antagonism (herbivory) and mutualism (pollination) may
favor a late-flowering phenotype that takes advantage of occasional laseipgallination. In
this case, correlated variability in herbivory and pollination, which may be ligeipsect
foragers responding similarly to abiotic conditions, may have led to this unedmedgtome.

In both previous chapters, | focused on plant size and flowering traits, but the prevalenc
of clonal plants in nature, as well as the importance of clonal reproduction in influghamg
population characteristics, makes understanding clonal responses to herbivoryiaatiquoll
important. My results from chapter four indicate that asexual reproducttichhornia
crassipess indeed an important consideration when measuring effects of insect foeesgausal
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reproduction as well as individual plant growth increased in response to larsalaymge. This
suggests that herbivores can have important consequences for management of ckveal inva
plants, if use of herbivores of biocontrol unexpectedly increases population grovugb. It a

suggests that we should not assume that both herbivores and pollinators will be equat&nimpor

for flowering plants, sincg&. crassipeproduces many showy flowers but does not seem to

invest in seed production at the expense of either growth or asexual reproducgaeséarch

adds to the scarce knowledge that we have about clonal plant responses to herbivory, which
suggests that asexual reproduction is favored (Meyer and Root, 1993; Brathen and Junttila, 2006;
Wiseet al, 2006), clonal plant responses to pollination, for which we have to my knowledge no
information.

My dissertation proposed to inform our understanding of how insect herbivores and
pollinators interact with plants to create variation in plant traits, and howtpdits mediate
interactions between herbivores and pollinators. My results demonstrate (1ptrame of
considering multiple forager types to understand the expression of plant ®sit&t(plant traits
may reflect past as well as present environmental conditions, so across$fgetsrshould not be
overlooked, (3) that variability in herbivory and pollination together might shape theienabf
plant traits in unexpected ways; and (4) that measuring plant asexual remodsigtial to our
understanding of plant responses to foragers.
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