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Interactions with variable outcomes are particularly useful in allowintheBexploration
of ecological conditions that give rise to and allow persistence of muiwialtgractions.
Understanding the context and conditions under which outcomes of mutualistic
interactions vary is critical to understanding their ecology. Of insecit:phutualisms,
pollination by pollinating seed predators is a unigue interaction in which flowdrs a
fruits are food for the pollinator’'s young, and outcomes range from obligate igsgfid
wasps) to facultative (e.d@Sjlene-Hadeng. The facultative nature &ilene-Hadena
interactions makes them ideal for a study of the role of ecological conditions
determining interaction outcomes and consequently may inform us of the conditions
promoting mutualisms. My goals were to explore variation in the interaction oaitcom

betweerSilene stellatand its pollinating seed predatbladena ectypaunder different



ecological conditions and, in addition, to understand the role of plant traits in agracti
oviposition and the role of oviposition in determining interaction outcomes. My research
demonstrates that plants with longer corolla tubes had higher ovipositiomrateshi

year, and | observed significant positive relationships between oviposition antiqgrreda
and oviposition and fruit initiation. Further, this interaction is antagonistic foradlgati
isolated plants because low pollination levels of isolated plants resulted ietbsesd

set compared with non-isolated plants, and predation was significantly fogisolated
plants. Finally, the magnitude of phenological synchrony bet®estellataflowering

andH. ectypaoviposition and the effect of synchrony on flower and fruit predation

varied between seasons. This interannual variability in the effect of synamony
predation may be attributed to significant differences in within seasonnsattier

flowering and oviposition. My research demonstrates a link between oviposition and host
plant traits, the role of oviposition in host plant reproduction and the identficait two
ecological scenarios under which the interaction outcomes be&vestellataandH.
ectypavary. This variation under different ecological scenarios, along with yp®siti
relationships between oviposition and both predation and fruit initiation, demonstrates a
mechanism for the persistence of this interaction and other facultative pogjisaed

predator interactions.
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Chapter 1
Choices and consequences of oviposition by a pollinating seed predator,

Hadena ectyp@Noctuidae), on its host plar@jlene stellatdCaryophyllaceae)

Abstract

Pollinating seed predators have dual effects on host plant fitness, via pollination and
flower and fruit predation, and their oviposition preferences may be influencednby pla
floral and size traits. If oviposition is associated with pollination and predation,
conflicting selection pressures on preferred traits may occur. Ovipositipimfheence
plant reproductive success by increasing stigmatic pollen loads and/or libe ajua
pollen deposited. | quantified oviposition by the pollinating seed predéadena
ectypaon its hostSilene stellatato determine if plant traits were associated with
oviposition and whether oviposition was related to flower and fruit predation or fruit
initiation over three years. | quantified stigmatic pollen loads of flewesited byH.
ectypathat nectared or both nectared and oviposited. | compared seed germination from
fruits with and without an egg to determine if oviposition increased pollen qualibtsPla
with longer corolla tubes had higher oviposition rates. Oviposition was associtited w
other traits only in some years. Oviposition did not increase stigmatic pollen leaddr
germination. | observed significant positive relationships between oviposition and
predation and oviposition and fruit initiation. Together these results suggedatteria

ectypahas the potential to exert conflicting selection pressures via its dual role as



pollinator and seed predator, and the specific traits under these potential selective
pressures may vary temporally. Positive relationships between oviposition and both
predation and fruit initiation suggest a mechanism for the maintenance of thiathaeul

pollinating seed predator interaction.

Introduction

Studies of the associations between plants and their pollinators originated \enige&pr
(1793) and Darwin (1862). These early observations have resulted in a large literature
demonstrating pollinator preference for particular floral traits. iatlirs visit flowers

based on morphological traits such as flower or petal size (Ashman and Stanton 1991,
Fenster et al. 2006, Gomez et al. 2008) and corolla tube length (Galen and Cuba 2001,
Gomez et al. 2008, Dudash et al. 2011) due to an association of these floral traits with
greater nectar rewards (Faegri and van der Pijl 1979, Armbruster et al. 206t e

al. 2006). Indeed, the evolution of floral syndromes provides much circumstantial
evidence for pollinator preference for particular floral traits (Ferettal. 2004,

Armbruster et al. 2011). Furthermore, through their visitation preferepaiisators

have been shown to play an important role as selective agents in the evolution of floral
traits (Reynolds et al. 2010).

Insect herbivores, florivores and frugivores also express preferencetonofogical
floral or plant traits, particularly through female oviposition preferengsshey are for
pollination, larger flowers or petals are more attractive for oviposition (Kuddh a
Whigham 1998), and females choose oviposition sites based on specific floral gaits (e
shorter, wider corolla tubes) (Brody 1992, Zimmerman and Brody 1998, Cariveau et al.
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2004). Insects prefer to oviposit on plants that are taller (Cariveau et al. 2004kNsiwi

al. 2005) or with longer stems (Craig et al. 1989, Nozawa and Ohgushi 2002) or wider
stems (Agrawal and Van Zandt 2003) and those with more flowers (Holland et gl. 2004
Nowicki et al. 2005). While the effects of leaf herbivory may indirectly afiézntt

fitness (Krupnick et al. 2000, Irwin and Brody 2011), seed, flower and fruit consumption
result in direct loss of female and male reproductive output and are expected to ha
large effects on the evolution of floral traits due to their direct impact on plant
reproductive output (Pilson 2000, Cariveau et al. 2004, Rey et al. 2006, Parachnowitsch
and Caruso 2008, Kolb et al. 2007, Kolb and Ehrlen 2010).

Pollinators and herbivores may express similar preferences for flgoidrdrtraits,
possibly resulting in conflicting selection pressures. Conflicting sefeptessures result
when two selective agents with opposing effects on fitness (e.g., pollinators and
predators) exert natural selection on the same trait value, and therefoad tkestlected
for in both positive and negative directions (reviewed by Strauss and Whittall 2006). For
example, Campbell et al. (2002) found theamopsis aggregattiowers with wider
corollas are preferred by pollinators, but flowers with wider corollas alserience
higher seed predation rates compared to narrower flowers that are kgs/atto both
pollinators and seed predators. Additionally, both fruit initiation and fruit predatioe we
lower for shortePrimula farinosaplants indicating that both pollinators and herbivores
prefer taller plants (Ehrlen et al. 2002).

Pollinating seed predators (e.g., fig wasps, yucca mdtdmenamoths; a.k.a.
nursery pollinators) have the opportunity to affect plant fitness positively amhstg
(because adults are pollinators) and negatively as antagonists (throughelediad) on
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seeds, flowers, and/or fruits). Because pollinating seed predators potdraiediboth
positive and negative effects on plant reproduction, studies of their interactions with hos
plants can offer insight into the dual roles of this unique interaction in the evolution of
floral phenotypes (e.g., Godsoe et al. 2008).

In pollinating seed predator mutualisms, pollination is the primary benefierredf
to host plants, but there is variation in the role of oviposition during passive pollination,
as compared to interactions where pollen is actively deposited at the timpadioon,
as inYuccaYuccamoth interactions (Pellmyr 2003). For instance, oviposition is essential
for pollination byGreyamoths because they deposit pollen drtbophragmaflowers
only while they oviposit (Pellmyr and Thompson 1992, Thompson and Pellmyr 1992),
andHadena comptanoths deposit four times more pollen when ovipositing versus
nectaring orDianthus sylvestrilowers (Collin et al. 2002). However if ovipositing
moths visit female flowers preferentially (i.e. either on female plandsoetious species
or female phase flowers on plants of protandrous species, Westerbergh 2004§ they a
less likely to carry pollen which may result in lower stigmatic pollen loadditionally,
if oviposition does not occur on every visit and if pollen is placed on different parts of the
pollinator’'s body (e.g., front half of the body during nectaring versus back half of the
body during ovipositing), then greater pollen carryover may result following ptodima
during oviposition. Greater pollen carryover may in turn increase the probability of
mating between less closely related individuals resulting in higher progelity qua
(Fenster 1991a, b).

The interactions betweedilenespp. (and closely related species) and their
pollinating seed predatorsl&denaspp.) provide an ideal system to study the role of
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floral and plant traits on the oviposition decisions of pollinating seed predators and the
role of oviposition in pollination and reproduction (Kephart et al. 2006, Bernasconi et al.
2009). For ovipositiontHHadenaspp. have been shown to choose flovbased on

number of petals and presence of the ligula at the base of the petal (i.e. scate)al
(Brantjes 1976b) and overall flower size (Collin et al. 2002). Through seed predation,
Hadenaspp. may exert selection on flower size, size dimorphism between sexes and
flower timing (Biere and Honders 1996, Biere and Honders 2006, Collin and Shykoff
2010).Silene latifoliaplants in North America, where they are not native and have
escaped theidadenaseed predators, have evolved to invest more in reproduction and
growth and less in defense, further suggesting a roldddenaas an important selective
agent on the evolution &. latifolialife history traits (Blair and Wolfe 2004).

Here | studied oviposition choice lbladena ectypdor multiple traits ofSilene
stellataand the consequencestbfectypaoviposition for several components®f
stellatareproduction. | measured plant floral and size traits for over 100 plants for three
years and counted the numbeiSofstellataneighbors for two years. At the time of floral
measurement, | quantified oviposition to determine whetherctypashowed
oviposition preference for plants exhibiting particular traits or number ghhbers. |
guantified stigmatic pollen loads from visits whenectypanectared only versus
nectared and oviposited. | also calculated seed germination rates from ittuigs e
without an egg. Finally, | determined the proportion of flowers to initiate fruit and
proportion of flowers and fruits eaten bly ectypaarvae to further quantify the
consequences of oviposition for host plant reproduction. | asked: 1) When making
oviposition decisions, doés. ectypadiscriminate based on plant floral or size trait
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expression or, additionally, surrounding plant density? 2) Does oviposition increase
stigmatic pollen loads or result in greater seed germination success? l&raviposition
related to initiated fruit set (an indication of pollination) or flower and fruit grexaf

host plants?

Methods

Study organisms—Silene stellatas a native, long-lived, herbaceous perennial plant that
grows in forests or open meadows across the eastern half of North Amagoahite,
fringed flowers are hermaphroditic and protandrous and exhibit a nocturnal moth
pollination syndrome: anthers dehisce and stigmas become receptive in ting exedi
nectar and scent production also are highest at dusk (Reynolds et al. 2009). Foeers h
a mean of 25 ovules each (Reynolds et al. 2009). An important pollinator is the speciali
seed predator mothladena ectypéReynolds et al. 2012). Adults of this moth feedSon
stellatanectar and then, during approximately 40% ofHaléctypavisits or nearly all
femaleH. ectypavisits (Kula et al., Unpublished data), female moths oviposit inside the
calyx on or near the base of the ovary and occasionally on the inside surface githe cal
Hadena ectyp#arvae feed o1%. stellataflowers and fruits, often consuming the entire
unhardened ovary wall of flowers and all seeds within fruits. Larvae may cenguio

40 flowers or fruits to complete development under laboratory conditions (Reynolds et a
2012). Other nocturnal moth co-pollinators that do not lay eg&s etellataare equally
effective pollinators (Reynolds et al. 2012), but they do not become a prominent
component of the pollinator community until the latter half of the flowering season aft
flowering density has peaked (Reynolds et al. 2012, Chapter 3).
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Study site—My research was conducted at a clear cut meadow near Mountain Lake
Biological Station in the Allegheny Mountains of southwest Virginia, U.S.A.
(37°20°'53"N, 80°32'41"W, elevatior 1,100-1,300 meters). During 2003 and 2005, 142
plants (71 per year) were haphazardly chosen and flagged at 10 m intervals up the
mountainside in three parallel transects 10 m apart. Most of the plants in thesetya
were included in this study (the number of plants measured each yeaddbiiw).

Wire cages with 5 cm openings were placed over all individual plants to prevent deer
browsing but allow free movement of pollinators and insect herbivores. | chose to
exclude deer browsing because of my explicit interelit iactypaoviposition and its

role on floral and plant traits. The flowering season at this site is Julygth@eptember.

Data collected— o determine which, if any, plant floral traits serve as cues for
oviposition choice byd. ectypa plants were examined for female phase flowers on most
mornings during the flowering season each year (2007: N=120 plants; 2008: N=126;
2009: N=121). Stigmas are receptive for one to three days, and to ensure consistency,
only flowers that first became female during the previous night (herédéerl

females”) were selected for floral measurement and assessed fioeskace of an egg.
Floral measurements were taken on approximately five flowers per mtaitfidwers
measured, mean number measured per plant: 2007: N=536, 4.5; 2008: N=581, 4.7; 2009:
N=559, 4.6). The following traits were measured to 0.1 mm with dial calipers and were
natural log transformed: length of the corolla tube, width of the corolla tube opening,
length of the largest petal, width of the largest petal and distance from theyregdhe
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base of the flower to the tip of the stigma (hereafter “nectar-stignendes’) (Fig. 1).
Stigma exertion was calculated from nectar-stigma distance minustie &4 the
corolla tube. I also quantified petal dissection (hereafter “number of loffeg’)1).
These traits were chosen because they are frequently associated esgmtgbllination
syndromes and hence are associated with pollinator attraction and efficfeyatien
transfer (Fenster et al. 2004). Means of floral trait measurementsafromeasured
flowers on each plant were calculated to obtain one representative fldral trai
measurement for each trait per plant in each year. The number of measuesd Wty
an egg was counted at the time of measurement in the field by using a handHelrEsxwi
magnification.

Plant size measurements were taken once for each plant each year. beeafum
stems was counted and plant height (cm) was measured from the base of each plant at
ground level to the top of the longest stem (natural log transformed). In 2008 and 2009,
the number of neighboring. stellatgplants within a 1 m radius around each target plant
was counted to estimate local host plant density within this large continuous population
of S. stellata

Near the end of the flowering season, all flowers were collected fraiy ptants
after fruit maturation but before fruit dehiscence (approximately thesxsvafter flower
opening). In the laboratory, for each plant | determined the total number of flGamers
indication of plant size), number of fruits initiated, and number of flowers and fruits
consumed by larvae.

| used two metrics to assess the positive and negative outcomes of the pollinating
seed predator interactions. Proportion of flowers to form fruits (i.e. proportidowedrs
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pollinated) was calculated as the number of fruits (both those with seeds and those wi
seeds eaten) divided by total number of flowers produced on a plant, and this metric is
hereafter referred to as “initiated fruit set.” Proportion of flowers amtkfthat were

eaten byH. ectypalarvae was calculated as number of flowers and fruits consumed
divided by total flower production on each plant and is hereafter referred to as
“predation.” Because they were calculated as proportions, initiateddtwdhd predation
were arcsine square-root transformed prior to analyses.

In 2008, | quantified stigmatic pollen loads following single pollinator visits wHere
ectypaeither nectared only or both nectared and oviposited. Groups of 5-12 potted plants
grown from seeds collected from the study site in 2006 and 2007 were placed within my
field site and observed on 11 evenings from 11-25 July. After a visit bgtypato a
day 1 female flower, the type of visit was noted (i.e. nectaring only veesataring
followed by ovipositing), and the flower was collected and placed individually iass gl
vial. Within 90 minutes, flowers were transported to the lab where stigmasevweoved
then fixed and stained in fuchsin-containing glycerin jelly on a microscajpee(8eattie
1981). Pollen grains deposited on stigmas were counted using a compound microscope
slide at 40x magnification. For analysis, total stigmatic pollen loads peerfimere
square-root transformed.

While processing flower and fruits from all three years, | set asidpleaifiom
plants that | knew from field data had at least one flower with an egg and one flowe
without an egg. Laboratory assessment confirmed whether the flower subsequentl
formed a fruit and/or was eaten by larvae. From these plants, the uneatemitinustsd
without an egg were used to examine the effects of oviposition on probability of seed
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germination. Seeds were counted then placed on moist soil in 5 cm pots during December
of the year following fruit collection and cold treated outdoors for 2.5 months. In mid-
March, pots were moved indoors and checked for seedlings every 4-5 days. Seed
germination rate was calculated as the number of seedlings that emergétheut

number of seeds sown for each fruit, and for analysis, the proportion was arcsine square

root transformed.

Statistical Analyses—Because there was consistent high correlation between petal
length and petal widtHP<0.0001; 2007: r=0.35, 2008: r=0.53, 2009: r=0.55), a new
composite trait, petal area, was calculated by multiplying petalHeamgt width which
captures most of the area of the petal (a$ifi@ne virginican Fenster et al. 2006). Petal
area was then square-root transformed to maintain dimensionality aratsgl ikewise,
stem number was consistently correlated with total flower production per plant
(P<0.0001; 2007: r=0.55, 2008: r=0.74, 2009: r=0.51) and was not included in further
analyses.

To obtain an overall measure of plant floral size, | performed principal components
analyses for each year on corolla tube length and width, square-root transpatale
area, stigma exertion and number of petal lobes. | used the first principal conpone
(hereafter referred to as “PC1”) from each year to reduce the dimeitgianabng these
variables and to represent general floral size.

| modeled oviposition (the number of flowers with an egg out of the total number of
flowers sampled) as a linear function of plant floral and size traits and namber
neighbors, as well as initiated fruit set and predation, to capture the péatteotho
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oviposition preference for these traits and the outcome of oviposition for the host plant
over three years. | employed generalized linear models, which use maxkelinobdd
to estimate model parameters, and | specified a binomial probabilitypdigin (number
of flowers with an egg out of total number of flowers) with a logistic link fiamcin
Proc Genmod (SAS version 9.2). Plant floral trait models for each year includdéld cor
tube length, corolla tube width, petal area, stigma exertion and number of petal lobe
analyses were performed on transformed measurements, as noted above. Geeeral fl
size (PC1) was modeled separately. The plant size models included natural log
transformed plant height and total flower production per plant annually. For 2008 and
2009, the effect of neighborir® stellatgplant density was also examined.

| used a mixed model ANOVA (Proc Mixed, SAS, version 9.2) to test for differences
in stigmatic pollen loads onto stigmas during single visits whegctypaeither nectared
versus both nectared and oviposited. Random factors included the plant number from
which the sample was taken and the proportion of male flowers in the patch on the night
that a sample was collected.

| also used a mixed model ANOVA (Proc Mixed, SAS, version 9.2) to test for
differences in seed germination from fruits with and without an egg. Plant nuraber w
included as a random factor to take into account that at least two fruits (with and without

an egg) from each plant were included in the experiment.

Results
Each plant floral and size trait (P<0.001), in addition to proportion initiated fruit
(P=0.003) and predatioriP€0.0001), significantly differed among years. Therefore data

11



from the three years of study were analyzed separately. Analyzarg geparately
further eliminated possible complications with repeated measurementsfpta
multiple years.

The mean * 1 standard error oviposition rate per observed flowers was 0.17 £ 0.02,
0.22 £ 0.07 and 0.30 £ 0.03 in 2007, 2008 and 2009, respectively.

Of the plant floral traits measured, only corolla tube length was signiffaatated
to oviposition rate in all three years: plants with flowers exhibiting longerladtdies
had higher probability of oviposition (Tables 1, 2). In 2009 only, petal area also was
positively associated with the probability of a flower receiving an €gglés 1, 2).

The first principal component of overall plant floral size was related to oviposit
only in 2009 (Tables 1, 2). The relationship was positive: plants with larger flowers
received more eggs per flower. All five floral traits were signiftbapositively loaded
on PC1 P<0.0001), and PC1 explained 37, 33 and 35 percent of the total variance in
floral traits in 2007, 2008 and 2009, respectively.

For plant size traits, the results varied by year. Total flower productiqoigrer
demonstrated a significant negative association with probability of oviposition in both
2007 and 2009: plants with fewer flowers had a higher probability of oviposition (Tables
1, 2). In 2009 only, plant height was also positively associated with oviposition within a
flower. Number of neighborin§. stellatgplants was not significantly associated with
probability of oviposition in either 2008 or 2009.

Stigmatic pollen loads did not differ between flowers visited for nectaringvenbus
both nectaring and ovipositing(§=0.07,P=0.7915, Table 3).

In all three years, seed germination did not differ when a egg was preséseat
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within a flower (2007: s56=1.01,P=0.3204; 2008: Fy5=0.02,P=0.8807; 2009:
F125=0.21,P=0.6474; Table 4).

Predation of flowers and fruits was significantly positively assatiadén
oviposition in all three years (Table 1, 2). The association between initiateset and
egg deposition per flower was not significanP&0.05 for any given year (Tables 1, 2).
However, because the sign of the relationship between initiated fruit and oviposition was
always positive an® values were always <0.2, | estimated a combihénr all three
years together to further examine this relationship (Sokal and Rohlf 1995).tb&k the
guantity -2’In P across the three years. The degrees of freedom were 2*3 years = 6.
Because -ZIn P=13.18 is greater thafio.os 612.59, | rejected the null hypothesis that
the relationship is independent among years. Thus | detected a similar aficesigni

positive signal across all years overall between initiated fruit set ancepggition.

Discussion

The pollinating seed predatbiadena ectypaemonstrated oviposition preference for

plant floral and size trait expression. In particukhrectypaoviposition was higher o8.
stellataplants exhibiting longer corolla tubes in all three years. However, number of
neighboring plants did not affect oviposition. Oviposition did not increase stigmatic
pollen loads or seed germination rate from fruits with an egg. Predation of flameers

fruits was significantly positively related to oviposition in all threargeand the overall
relationship between initiated fruit set and oviposition was positive and sigwificeoss
years. Through positive (via pollination and subsequent fruit initiation) and negative (via
oviposition and subsequent flower and fruit predation) effects on plant reprodtttion,
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ectypaoviposition preference for particular plant floral and size traits demorssitsaite
potential to act as an agent of selectiorSostellataat both the larval and adult stages.

In an optimal foraging theoretical framework (Pyke et al. 1977), pollinatied s
predators choose to visit flowers based on their nutritional needs, in this case, necta
Corolla tube length and petal area (or flower size) advertise polliratards, especially
nectar, in a diversity of plant species (Ashman and Stanton 1991, Creswell and Gal
1991, Gomez et al. 2008), includiBfene virginicaa close relative db. stellata
(Fenster et al. 2006). Because of the very low volume of nectar typically fo&d in
stellataflowers (Reynolds et al. 2009), | was not able to test for a correlation Imetwee
plant floral trait expression and nectar quantity or quality. However, farhaetypa
moths feed on nectar before ovipositing (personal observation), indicating a behavioral
link between nectaring and ovipositing behaviors, and there is some evidencettrat nec
plays a role in oviposition decisions of other pollinating seed predators and herbivores
(Brantjes 1976a, Thompson and Pellmyr 1992, Pellmyr and Thompson 1992, Adler and
Bronstein 2004). Aside from providing a basic nutritive reward for pollinators, nectar
also can provide specific oviposition stimulants (Wehling and Thompson 1997) and other
essential nutrients (e.g., amino acids, Erhardt and Rusterholz 1998).

Alternatively, optimal oviposition theory predicts that oviposition sites should be
chosen to optimize larval growth and survival because females have incraasss] fit
through the success of their offspring on oviposition substrates that provide adequate
resources or protection (Jaenike 1978, Thompson 1988). For instance, females lay eggs in
flowers that are more likely to produce seeds (Brody and Morita 2000), andngotita
actively pollinate at the time of oviposition to ensure larvae have ample seattess
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(Pellmyr et al. 1996). Becauskt ectypalarvae require multiple fruits to complete their
development before pupation (Reynolds et al. 2012), the number of flowers on a plant
could indicate an increased concentration of rewards for moth larvae, and other studies
have found a positive relationship between number of flowers and oviposition (Holland et
al. 2004, Nowicki et al. 2005). However, the significant relationship | found between
oviposition and total flower production in two years was negative: plants witr fe
flowers had a higher probability of receiving an egg laid within a givereflowhis
result was not simply an issue of my assessing oviposition in a smaller propotttal of
flowers on larger plants (an average of 4-5 flowers on plants were sampled on plants
regardless of total number of flowers). In a separate study in 2009, | assegsesition
on a mean of 90% of flowers on 97 plants, and the relationship of oviposition rate and
total flowers for those plants is also significant and negative (Kula etrgdyllished
data). Furthermore, total flower production per plant was not correlated withaty
floral or size traits that were significantly related to oviposition (e.gallectube length)
in any of the three years of stud3>0.1), except for plant height in 200R<0.0001). A
negative correlation might arise between oviposition and total flower production if
female moths spend a similar amount of time per plant laying eggs on each plant they
visit and lay only one egg per plant. My observations confirmHhattypafemales
typically oviposit only one egg per visit to a plant, independent of plant size. lbis als
possible that number of flowers on a plant is affected by another factor leadidgéacti
effects on oviposition rates (e.g., larval parasitism, Price et al. 1980).

An additional possible benefit for oviposition into flowers with longer corolla tubes
may be protection for larvae. Egg mortality from desiccation due to exposube ¢agh
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(Zimmerman and Brody 1998), and deeper corolla tubes may provide a more humid
environment, which may increase larval survival (Wilson et al. 1982). In addition,
parasitoids likely pose a potential major thredti&mlenalarval survival (Elzinga et al.
2003), and larvae from eggs laid where exposure to parasitoid attack is mininalized m
have higher survival (Chen and Welter 2007).

Unlike Greyamoths which deposit much more pollen on stigmadstbbphragma
spp. during oviposition visits (vs. nectaring visits) (Pellmyr and Thompson 1992,
Thompson and Pellmyr 1992, ectypawas similarly efficient at pollination @&.
stellataduring nectaring visits and visits that involved both nectaring and ovipositing.
These similar pollination levels demonstrate that increased time spent oniweityl atct
S. stellataflowers duringH. ectypaoviposition does not increase pollen transfer. The
similar germination rate of seeds from fruits that did or did not receivggawas
reflective of similar stigmatic pollen loads from the two types of visits asy m
additionally indicate that pollen transferred during oviposition does not rgfieater
carryover distance. Therefore, oviposition and initiated fruit set are pogitelated
only because pollination . ectypaoccurs during visits where moths oviposit. This
result follows that of Reynolds et al. (2012) who showed that oviposition rate on
haphazardly collected flowers in the morning is a good proxy for pollinatortiosita
rates on the previous night.

Because of a positive association of oviposition with both fruit initiation and flower
and fruit predation together with a consistent positive association between taposi
and corolla tube lengtt. ectypamoths may exert conflicting selection pressures on
corolla tube length. The total potential effectbfectypaas a selective agent on floral
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design is likely influenced by inter-annual and geographic variation in its aslboth an
important pollinator and flower and fruit predatorSfstellata(Reynolds et al. 2012). In
years when or sites whekk ectypais a more important component of the pollinator
community, there may be stronger positive selection for plants with longer dolmid
flowers because those flowers will be pollinated when females visit to oviposit.
Alternatively, when or where predation By ectypaoutweighs its contributions to
pollination, there will be stronger negative selection on plants with longeratubks.
Indeed, in a study of natural selection on floral traits, Reynolds (2008) showed tBat for
stellatg corolla tube length was under negative directional selection but only in years
with the highesH. ectypapredation rates. These results are consistent with prior
literature demonstrating that the combined effects of pollinators and seed @ eday
result in year-to-year variation in the magnitude and direction of phenotypatiealon
corolla tube length (Campbell 1991, Zimmerman and Brody 1998). Variation in the
outcome of interactions between host plants and pollinating seed predatorsanay als
explain inter-annual variation in the significance of an association betdesatypa
oviposition and som8. stellataraits (i.e. petal area, flower size, plant height and flower
production).

Finally, the positive relationships between oviposition and both fruit initiation and
flower and fruit predation indicate a key mechanism for the maintenance dritis (
other facultative) pollinating seed predator interaction and may possiblyrewbig no
avoidance mechanisms By stellatao its pollinating seed predator have evolv@iene-
Hadenainteractions are hypothesized to be some of the least specialized of pajlinati
seed predator interactions, and it is these less specialized interdwaiowdltpotentially
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explain the pathway toward mutualism for host plant—pollinating seed predator

interactions (Dufay and Anstett 2003).
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Tables
Table 1. Untransformed means + 1 standard error of plant floral and size traibgrmaim
neighbors, initiated fruit set and predationHgdena ectypaf Silene stellatacross

three years from the study population near Mountain Lake Biological Statimiré&lee,

VA.

2007 2008 2009
N=120 N=126 N=121
Mean + S.E. Mean + S.E Mean = S.E.
Flowers measured | 47,011 461+009 4.62+0.08
per plant
Floral Traits
Corolla tube length 10.36 £ 0.08 10.48 £+ 0.09 9.95+0.08
Corolla tube width 8.19+0.09 7.46+0.10 7.69+0.10
Petal area 108.25+1.71 99.89+1.78 114.93 £ 1.75
Stigma exertion 9.60+0.12 7.94+0.15 8.87+0.12
Petal lobes 12.30£0.26 10.94+£0.20 11.29 +0.23
Size Traits
Height 86.34 £1.67 77.49+152 79.08+ 1.64
Total flowers 70.81 +7.78 100.07 +11.0 53.53 +6.51
Neighbors -- 480+0.31L 2.78+0.17
Initiated fruit set 0.55+0.02 0.65+0.020 0.60%0.02
Predation 0.55+0.08 0.37+0.02 0.52+0.02
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Table 2. Results from generalized linear models of the relationsh§keoé stellatgplant floral and size traits, number of neighbors,

initiated fruit set and predation bjadena ectypavith oviposition byH. ectypa Traits in bold have a significant relationship with

oviposition.
2007 2008 2009
Source Sign P |[Sign o P |Sign P

Floral Traits

Corolla tube length + 6.88 0.0087 + 8.45 0.0036 + 447 0.03p4
Corolla tube width 25 0.1139 0.31 0.578B 0.13 0.7173
Petal area 0.3 0.5668 0.84 0.359p + 5.93 0.0149
Stigma exertion 0.54 0.4614 0.25 0.617B 0.27 0.6003
Petal lobes 0.26 0.607 2.57 0.109p 0.34 0.5616
Floral Size (PC1) 0.58 0.4458 0.61 0.4364 + 26.52 <0.0001
Size Traits

Height 21 0.1471 0.29 0.5908 + 9.9 0.0017
Total flowers - 8.89 0.0029 0.01 0.9365 - 4.73 0.0296
Neighbors 095 0.33 2.38 0.1233
Initiated fruit set + 269 0.100p + 327 0.07p7 + 216 0.1414
Predation + 7.05 0.0079 + 7.60 0.0098 + 4.47 0.03p4
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Table 3. Untransformed means + 1 standard error of stigmatic pollen loSdens
stellataflowers that were visited once bjadena ectypanoths that nectared only versus

nectared and oviposited.

N Mean = S.E.
Nectaring only 49 51.84 £6.6]7
Nectaring and ovipositing 20  53.40 + 10.6
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Table 4. Untransformed means + 1 standard error of seed germination Siles®f

stellatafrom fruits that did or did not receive at least one egg tHaena ectypa

Without an egg

With at least one egg

2007
N Mean + S.E.
51 0.13+0.03
390.18 £ 0.05

2008

75 0.32+0.04

N Mean £ S.E.

54 0.30+0.04

2009
N Meanz$S
24 0.18 +£0.05
20 0.15+0.04
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Figures
Figure 1. Diagram o®ilene stellatdloral traits measured in the field. A) PW=petal
width, PL=petal length, TW=corolla tube width. B) TL=corolla tube length, N&amne

stigma distance. Scale bars=5 mm.

Figure 2. Photograph of thrétadena ectyp&ggs at the base ofSdlene stellatdlower
with the calyx removed. Femalie ectypaadults insert their ovipositors into the corolla
tube to deposit eggs at the base of the ovary, on the nectary or on the inside surface of the

calyx. It is unusual to find more than one egg on a flower. Scale bar=1 mm.
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Figure 1.
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Figure 2.
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Chapter 2
IsolatedSilene stellatdnost plants experience decreased benefit and increased cost of

interacting with their specialist pollinating seed preddtiagena ectypa

Abstract

For continued persistence, small, isolated patches of plants need to successfully
reproduce. Interspecific interactions often are important for host planodeggion, but

the outcome of these interactions may vary when host plants are isolated ol in smal
patches. Pollinating seed predators have positive and negative effects on host plant
reproduction, and the interaction outcome is predicted to vary under this ecological
scenario. | studied the interaction betw&atene stellataan herbaceous perennial, and
Hadena ectypaits obligate pollinating seed predatSilene stellatas only facultatively
dependent upoH. ectypafor pollination because other nocturnal moth co-pollinators are
equally effective at pollen transfer. Becatitkeectypais a specialist, dependent 8n
stellataas a host for its progeny, | hypothesized that, for experimentally isolated, plant
H. ectypawill become a more important pollinator (increased benefit), while predation
will likely remain the same (similar cost) relative to experiméyntadbn-isolated plants.
Hadena ectypavas consistently more important than moth co-pollinators for both non-
isolated and isolated plants. Howeudr ectypapollinator importance decreased for
isolated plants due to lower pollen deposition in isolation compared to non-isolated
plants. Seed set of isolated plants was much lower than for non-isolated plants.
Oviposition was similar between the areas, but isolated plants experieniced hig
predation than non-isolated plants.contrast to my initial prediction, the relative
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pollinator importance of pollinating seed predators is reduced for isolated, plants
resulting in decreased benefit for the host plant, and because of increased pratdstjon r
there is an increase in cost of the interaction for the host plant. Alleeseféeted by
lower pollination levels and higher predation levels may limit plant population expansi
or persistence in isolated patches, thereby demonstrating the importancaes spe

interactions in conservation, especially in areas with increased hahgatentation.

Introduction
Small, isolated patches of plants frequently occur in nature (e.g., duringzemionior
after plant population fragmentation via habitat destruction), and the persistéheseof
patches is dependent on the successful reproduction of resident plants (Saunders et al
1991, Debinski and Holt 2000). The outcomes of interspecific interactions that affect
plant reproduction may be altered in the ecological context of isolation or loviydensi
(Root 1973, Kunin 1997, Kearns et al. 1998, Aguilar et al. 2006). For example, plants in
small patches or in isolation often experience low pollinator visitation and pollen
deposition rates that could directly affect plant reproductive fitness (Curamng000,
Aguilar et al. 2006, Andrieu et al. 2009). Likewise, levels of herbivory may increase
(Fagan et al. 2005, Gunton and Kunin 2009) or decrease (Kery et al. 2001) when host
plants are isolated or at low density.

Studies that simultaneously examine pollination and herbivory of host plants in
isolated and non-isolated patches show that while isolated plants regufsheace
lower pollination levels resulting in lower seed set, herbivory or seed predation may be
higher (Jules and Rathcke 1999, Metcalfe and Kunin 2006, Garcia and Chacoff 2007) or
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lower (Groom 2001) on isolated plants. Consequently, the net outcome of beneficial and
detrimental interactions on isolated host plants could result in an overall soreas
decrease in plant reproduction as compared to non-isolated plants. Both decreased
pollination and increased herbivory that cause lower reproduction at low densifies (e
isolation) may result in a component Allee effect: “a positive relationshipelest any
component of individual fitness and either numbers or density of conspecifics” (Stephens
et al. 1999).

Pollinating seed predators (a.k.a. nursery pollinators) have opposing effects on plant
reproduction. Adult insects provide pollination services for the host plant, but females
also lay eggs on or in the flowers. The pollinator’s young subsequently consume the
seeds or fruits. Outcomes of these interactions range from obligate whiepéahtsand
insects are dependent upon each other (e.g., figs and fig wasps, Wiebes 1979) to
facultative where host plants receive additional pollination services frepoltpators
that do not consume seeds or fruits (eSdeneandHadena Kephart et al. 2006).

Facultative pollinating seed predator interactions provide an opportunity to expore t
ecological conditions under which seed predator pollinators are beneficial gdras,
and these conditions may facilitate the evolution and persistence of pollinadg se
predator interactions (Kephart et al. 2006, Bernasconi et al. 2009).

A key to understanding the outcome of these facultative interactions for isolated hos
plants is consideration of the specialization of the pollinating seed predators tw#tei
plants. If specialist pollinators visit more frequently and deposit morgeoiifis pollen
and less interspecific pollen as compared to generalist co-pollinator§M2E05), then
the pollinating seed predator interaction may have a net positive outcome on plant
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reproduction since all (or most) seed set would be due to pollination by these sipeciali
visitors and not co-pollinators. On the other hand, after locating and pollinating the
isolated host plants, female pollinating seed predators may oviposit resultigly seed
predation rates (Elzinga et al. 2005).

Four other studies have reported the effects of plant population size or density on
interactions with pollinating seed predators. Elzinga et al. (2005) reportedsed fruit
predation with decreasing population size and increasing isolati@iléme latifolia
Across geographic scales, however, Holland and Fleming (1999) found no significant
variation in fruit set, fruit maturation and fruit predation for five populations withinvg
Senitacactus density, while, Despres et al. (2007) found significant variation inaosts
interactions with pollinating seed predator flies across 26 globeflower pomsl#bat
differed in ecological conditions and pollinator densities. Finally, Klank €2@10)
found no effects of population size or flower density on globeflower fly abundance, but
higher population level flower density resulted in decreased predation due to a dilution
effect of the flies across globeflowers. None of these studies exdthmeffect of
isolation or plant density in terms of its influence on the beneficial aspethgtioh) of
interacting with a pollinating seed predator.

My study goes further than previous studies by examining not only seed set,
oviposition and seed predation but also pollinator visitation and efficiency, which
together determine pollinator importance (Reynolds and Fenster 2008). Pollinator
importance is a parameter that incorporates both the effectiveness of aq@olimsgrms
of transfer of pollen to conspecifics, with the relative visitation frequendyadf t
pollinator (Stebbins 1970). Stebbins (1970) suggested that pollinator importance allows
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determination of the role of pollinators as selective agents on a flower, rétattieer
pollinators. Pollinator importance has also been used to quantify the relathgtlswé

the positive effects a pollinator can have on the plant partner (Thomson 2003, Reynolds
and Fenster 2008).

| studied the interactions between a specialized pollinating seed prétidena
ectypa(Noctuidae)and its host plangilene stellatgCaryophyllaceaeilene stellata
occurs sporadically in understory light gaps and open meadows and is visited flgcturna
by both this pollinating seed predator moth and other moth co-pollinators. Because the
two types of pollinators are equally efficient at pollen deposition (Reynolds2€&12), |
can use pollinator visitation rates as a proxy for pollinator importance when gogipa
H. ectypaand co-pollinators. Howevet. ectypaalso reduces host plant reproduction
through flower and fruit predation resulting in a net negative outcont fiellata
(Reynolds et al. 2012). Whéh stellatas at low density or isolated, the net outcome of
its interaction wittH. ectypais unknown but may differ from the outcome in large,
continuous areas due to the potential benefit of the specifichy eftypavs. generalist
co-pollinators ofS. stellatal expectH. ectypato provide the majority of pollination
service (benefit) for isolated. stellatgplants because of their obligate dependenc®.on
stellataas a host plant for their young. With similar visitation between non-isolated and
isolated plants, | expect predation rate (cost) also to be similar.

Specifically, | asked: Does the cost or benefit of pollination by speetbpollinating
seed predators change when host plants are isolated? | quantified cost in terms of
predation rates and benefit in terms of pollinator importance. To determine riigpali
importance oH. ectypaincreased for isolated plants, | observed pollinator visitation and
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guantified pollen deposition in small isolated and non-isolated patches of plantss Resul
from the first year of study led me to continue monitoring pollinator visitatidhe non-
isolated and isolated areas and to examine seed set, oviposition and predation level on
individual plants in the field in areas with and without naturally occurring neisle
stellataplants (non-isolated and isolated areas) in the following year. To my knowledge,
this is the first comprehensive examination of a pollinating seed predator-host plant

interaction for plants in non-isolated and isolated settings.

Methods

Study Organisms—Silene stellatas a long-lived, iteroparous plant that occurs in open
meadows or closed canopy woods across the Eastern half of the United Stateis Flow
are approximately 30 mm in diameter, protandrous and have fringed, white petals.
Ovaries contain a mean of 25 ovules (Reynolds et al. 2009). Flowering frequently begins
in early July at my study site and ceases in early Septefibere stellatas able to set

seed autonomously (Reynolds et al. 2009) but exhibits the typical nocturnal moth
pollination syndrome as anther dehiscence, stigma receptivity and scent produmiion oc
at dusk, and indeed, nocturnal moths are the primary pollinators (Reynolds et al. 2009).
Of the moth pollinator communityy. ectypais a specialized pollinator and seed predator
of S. stellata After nectaring, femalkl. ectypamay oviposit, most typically at the base

of the ovary inside the large and persistent calyx. Eggs adhere to the ovargi@caigx

wall and can be counted reliably after fruit collection from the field. Tivadateed on
flowers and fruits, each one consuming approximately 30—40 flowers or frute bef
pupation in the lab (Reynolds et al. 2012). In almost all cases, the flower os fruit i
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consumed completely with no ovules or seeds remaining. Moth co-pollinators in three
families (Arctiidae, Noctuidae and Notodontidae) pollinate but do not ovipoS§it on
stellataflowers (Reynolds et al. 2009), and co-pollinators are as effective at pollen

transfer a#d. ectypa(Reynolds et al. 2012).

Study Sites—My study site is near Mountain Lake Biological Station (Giles County,
Virginia, USA) and consists of a large, continuous populatidd. stellatahat naturally

occurs in a meadow within a power line cut (~45 m wide) (37°20°'53"N, 80°32'41"W,
elevation= 1,100—1,300 meters) where density is approximately 1.5 pl&ntEfis is the

only dense population of this size within 10 km, dictating an experimental approach for
comparing the outcome of the interaction withectypaon non-isolated and isolat&d

stellata For this study, this meadow is the non-isolated area (Fig. 1). The isolated-woods
areas occur in closed canopy woodland adjacent to both sides of the meadow, and | have
not foundS. stellatagrowing there, although the habitat is similar to wooded habitat
nearby wher&. stellatas established (but at lower densities than the meadow site).
Finally, the isolated-meadow area is below a paved road (and its shoulders) that
perpendicularly bisects the same power line cut but within a large areaSvisteHlata

does not occur. The non-isolated meadow area and isolated-meadow area becur in t
same meadow habitat and differ only in their location on the mountainside (nearly
adjacent but separated by a road) and the presence of naturally ocBugielata

plants; the surrounding plant community and other habitat aspects are the sam&on the t
areas. The isolated-woods area was included to increase the ggoétakt study across
habitat types and differs from the meadow areas in both the surrounding plant community
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and light availability. The mean light level in the isolated-woods areanlgs! percent

of the mean light level in the open meadow area (Isolated-woods: | r8216s-1-m-2,
meadow: 3516.94mol-s-1-m-2). All light levels were collected in the afternoon under
partly cloudy conditions using the Pocket Light Meter, Version 6 (Nuwaste Studios
iPhone application and converted from lux. No other nocturnally flowering species occur

at any of the three study areas within this site.

Experimental Design and Data Collected-I used potted plants to quantify the effect of
isolation on pollinator visitation, pollen transfer, seed set Hargttypaoviposition and
predation. Plant isolation was defined by a distance of 30 m from the rfeasésdtata

plant because it is 10-fold greater than the mean interplant flight distanoeshst

visiting S. stellata(Reynolds et al. 2009). To generate the potted plants utilizedSere,
stellataseeds were haphazardly collected from plants growing within the large,
continuous population (the non-isolated area for this study) in 2006. After germination,
plants were grown in the greenhouse until July 2008 and from September 2008 through
July 2009 with ambient temperature and light and watered as needed (with four months
outdoors each winter). Minimal maintenance of potted plants was required in both years
Plants were watered by hand if no rain had fallen in the previous five days osdiltive

the pot showed evidence of drying. Because all non-isolated and isolated stusly plant
were potted in the same soil and water moisture levels were maintainedat leweis

at the greenhouse and in the field, belowground resources should not differ among plants
in the different areas. All potted plants in the three study areas werevailg@dinch

chicken wire for individual plants or netted exclosures for patches of plants to prevent
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deer herbivory but allow natural pollination, fruit set, fruit maturation and predation b
insects. | protected the plants against deer herbivory because of mycspéaiéist in the
effects of the pollinating seed predator on plant reproduction in the non-isolated and
isolated areas. Within one week of experimental set up in 2009, significant distirba
by black bears displaced three individual potted plants within the isolated-meag&elow s
transects. These three plants were replaced with fresh potted plants.

Because specializddl. ectypapollinating seed predators and generalist co-pollinators
are equally efficient at pollen transfer (Reynolds et al. 2012), | ant@blgantify
whetherH. ectypaincreases in pollinator importance relative to co-pollinators by
documenting pollinator visitation . ectypaor moth co-pollinators in non-isolated and
isolated patches @&. stellateplants. | observed patches of 5-12 potted plants on nights
from 11-25 July 2008 (11 nights) and 13 July—4 August 2009 (19 nights). Occasionally
weather (rain or cold temperature) precluded observations: it was unlikepothaétors
would visit on those nights (personal observation). Observations began after sunset
(~8:45 pm E.S.T.), and the observation period each night was one hour and 45 minutes in
2008 and approximately one hour in 2009, corresponding to the period when most moth
activity occurs (Reynolds et al. 2009). Pollinator tyedctypaor moth co-pollinator)
was recorded for each moth pollinator visit. Moths do not discriminate betweendlower
of potted or naturally occurring plants (personal observation). Non-isolated aatédsol
patches were observed simultaneously. In 2008, infrared camcorders (Sony Digital
Handycams, model TRV17) using the night vision setting supplemented personal
observations in both the non-isolated and isolated patches and were fixed on groups of 3—
10 flowers on three plants per patch each night. For the isolated patches in 2008,
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observation nights alternated between the isolated-woods (N=6 nights) atetlisola
meadow (N=5 nights). In 2009, for the last six observation nights, observations in the
isolated areas alternated between the isolated-woods and isolated-metdthwee
observations in each area, and camcorders were used in the non-isolated hose fx t
nights. In both years, total number of flowers in a patch was counted prior to tlof start
observations each night and ranged from 49-201 flowers per patch in 2008 and 7-50
flowers per patch in 2009. In 2009, there were fewer flowers per patch compared to 2008
because observations took place over a longer period of the season, until the last of the
individual plants initiated flowering. Visitation rate was calculatetfinumber of visits

by a pollinator type divided by the number of flowers in the patch on an observation night
divided by the length of the observation period. Before ANOVAs were performed, the
visitation rate of each moth type in each patch on each night was square-root
transformed. | analyzed the main effects of isolation and pollinator type and the
interaction on the number of moths per flower per hour in each year.

To determine if the moths were equally effective in transferring pollesotated and
non-isolated plants, | quantified stigmatic pollen loads in the non-isolated anddsolat
patches. Flowers were collected during the evening pollinator observatiodspieom
the pollinator observation patches in 2008. After a single pollinator visit to a virgin
female flower (first night as female), type of visitét. ctypaor co-pollinator) was
recorded, the flower was placed in a glass tube, and samples were trahsptréclab
where the stigmas were removed then fixed and stained in glycerine jéllfualisin on
a microscope slide (Beattie 1971). Stigmas from unvisited flowers (as othskemeg
the observation period) were fixed and used as baseline controls. Stigmaiicl padis
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were counted using a compound microscope at 40x magnification. Before analysis,
stigmatic pollen loads were lggrl transformed. | performed ANOVA on the main
effects of isolation and visitation and their interaction ondagmber of pollen grains
per flower.

To further investigate outcomes in the interactions betwkeeattypaand isolated.
stellatg individually placed potted plants were used to determine the effects of isolation
on seed set per mature fruit, oviposition and predation by larvae in 2009. (In 2008, the
focus on pollen deposition precluded the examination of these traits.) Eighteen individual
potted plants were placed into each of the three areas along transects ate30ats iom
11-12 July 2009 (Appendix). In the non-isolated area, two parallel 270 m transects of 9
plants each were separated by 30 m, and these plants were an average of 1.1 m and 1.9 m
from their nearest and second nearest naturally occurring neighbors. Foldteslis
woods area, a 270 m transect was established on each side of the continuous population,
30 m into the woods and away from naturally occur8ngtellataplants in the non-
isolated area. In the isolated-meadow three 180 m transects 30 m apartaidished
with six plants 30 m apart per transect. This arrangement of potted plantdath@ie
maximize replication within the three study areas while maintainingotteasseparation
among plants that was required to test my hypothesis. Number of flowers on the potted
plants did not differ among the three areas.

On individual plants deployed in 2009, all flowers and fruits were collected ~21 days
following flowering (3 August—9 September) when fruits were mature but priouito fr
dehiscence. Three plants in the isolated-woods area died prematurelynésarhple
size of 15 plants in that area, compared to 18 in the non-isolated and isolated-meadow
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areas. Fruits were processed in the lab using a dissecting scope at 1Bicatiagn The
following data were recorded for each plant: number of flowers that did not faun,a f
number of mature fruits, number of seeds found in mature fruits (without herbivory),
number of egg cases on fruits or uneaten flowers and whether there was predadtion by
ectypalarvae.

In order to calibrate the ability of moths to act as pollinators to isolated and non-
isolated plants, | also quantified seed set from plants where no pollinataiomnsitas
allowed to occur (pollinator exclusion plants). Twelve naturally occurring$laf
similar size to my potted plants were caged with fine mesh screemigkdrcwire to
exclude pollinators prior to anthesis within the non-isolated field site and to prevent dee
herbivory. Cages were removed from each plant after all fruits weretedllégght
availability under cages in the meadow site was 72 percent lower than the leght of li
available for uncaged plants in the meadow (Caged: 966db-s-1-m-2, Uncaged:
3516.9umol-s-1-m-2).

Seed set per mature fruit was calculated as the number of seeds per numibgreof ma
uneaten fruits for non-isolated, isolated-meadow, isolated-woods and pollincltsiex
plants. Nineteen isolated plants (isolated-meadow=6, isolated-woods=13) grdcate
any mature, uneaten fruits and were therefore eliminated from the an&gsdsset
values were log transformed for ANOVA.

Oviposition and predation were calculated for non-isolated, isolated-meadow and
isolated-woods plants. For each plant, oviposition was calculated as the number of eggs
per number of fruits or uneaten flowers; | excluded the number of eaten flowess in thi
calculation because when flowers were eaten, the ovary was comptetshyned
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precluding egg counts. Due to extreme nonnormality of the residuals, oviposition rate
was analyzed with a Kruskal-Wallis nonparametric test (Proc NPAR1WAS).S
Predation was calculated as the proportion of all flowers and fruits eatemper pl
Predation was square transformed for ANOVA.

All statistical analyses were performed in SAS 9.2. All ANOVA testsavperformed
using Proc GLM. When post-hoc means separation tests were required, TukBy's HS
was employed (unless otherwise noted). For each dataset, there was thcabtatis
difference between the two isolated ared?<d.05, thus data from isolated areas were

combined into a general isolation category (Table 1).

Results
Pollinator Importance—Visitation.In 2008, there was a significant interaction between
isolation (non-isolated vs. isolated) and pollinator typedctypavs. co-pollinator)
(F3,46=6.96,P=0.0118), with the highest visitation bl ectypato the non-isolated area,
followed byH. ectypavisitation to isolated areas (Table 2). Co-pollinator visitation was
significantly lower tharH. ectypavisitation to both non-isolated and isolated patches.
Hadena ectypavas, therefore, the most important pollinator in non-isolated and isolated
areas.

In 2009 there was a significant difference in visitation rate (pollinator irapos) of
H. ectypaand co-pollinators Fvg=0.31,P=0.0009).Hadena ectypaisitation was higher
than co-pollinator visitation over both non-isolated and isolated patches (Table 2). The
main effect of isolation (fvg=0.44,P=0.5071) and the interaction between isolation and
pollinator type (k9s=0.31,P=0.5797) were not significant.
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Pollen depositionSamples from a total of 102 flowers were collected (n=76 non-
isolated, n=26 isolated). There was no effedtoéctypabehavior (nectaring only vs.
nectaring + ovipositing) on pollen deposition, and samples from these two types$sof visi
were combined within non-isolated and isolated samples for further analygsQE6,
P=0.6876).

Only four samples from moth co-pollinator visits (all frématographa precationis
Noctuidae) were collected due to low visitation rates. These samples wanelndéd in
the analyses: non-isolated: N=1, 23 pollen grains; isolated-meadow: N=3, mean=9.33
pollen grains per flower. These values fall within the range of stigipalien loads
resulting fromH. ectypavisits (see below).

There was a significant interaction of visitation (visitHhyectypavs. no visit) and
isolation (non-isolated vs. isolated) on stigmatic pollen loaglgs$E2.82,P=0.0005)

(Fig. 2). Comparing flowers visited By. ectypa stigmatic pollen loads were three times
higher in the non-isolated patch compared to the isolated patches. In the nod-isolate
patch, flowers visited bii. ectypahad higher stigmatic pollen loads than unvisited
flowers. However, in the isolated patches, stigmatic pollen loads were notwliffe
between flowers visited biyt. ectypaand unvisited flowers. As expected, stigmatic

pollen loads on unvisited flowers were low and did not differ between non-isolated and
isolated patches. Main effects were not significant (isolatipgs=P.66,P=0.4171;
visitation: k 9g=1.04,P=0.3100).

Seed set per mature frufeed set per mature fruit was significantly greater for the
non-isolated plants compared to the isolated plants and pollinator exclusion plants (Table
3, .47=5.59,P=0.0070).
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Oviposition There was no effect of isolation on egg deposition for non-isolated
versus isolated plants (Tabley3;47=1.9984,P=0.1575).

Predation Predation of flowers and fruits per plant was significantly greater for
plants in the isolated areas compared to the non-isolated area (Talje=3,11,

P=0.048).

Discussion

In this examination of the interactions between a pollinating seed predatoolatelis
host plants, | found decreased benefit and increased cost of the specializedpshiadt
predator for its host plang. stellataindependent of the isolated plants’ habitat. Because
of its significantly higher visitation rates and equivalent pollinator effengss

compared to moth co-pollinators (Reynolds et al. 20d2§ctypawas the most

important pollinator in both non-isolated and isolated patches. Howdvectypahad

lower pollinator effectiveness in isolation compared to the non-isolated area, asd so it
relative importance decreased in isolation. The lower stigmatic pollen lesused in
lower seed set for plants in isolation. Furthermore, despite similar oviposites r
between the two areas, predation was greater for plants in isolation.

Seed set of isolated and pollinator exclusion plants was similar, a patteisteaans
with the lower stigmatic pollen loads experienced by isolated plants cedhmanon-
isolated plants. Stigmatic pollen load differences were likely driven bgripailen
availability in isolated patches (Knight et al. 2005). For isolated single ol graaps of
plants, scant pollen transfer from nearby continuous natural population could result in
pollen limitation. Although pollen dispersal distances of tens of meters have been
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reported foiSilene latifolia(asSilene alba (McCauley 1997, Richards et al. 1999),
nocturnal moth pollinators @. stellatamoved fluorescent dye (as a pollen analog) only
2.2 m on average (Reynolds et al. 2009). A fluorescent dye stiBlyaiffolia(asS.

alba) also revealed short average pollinator flight distances of 1.2 m for moths (Young
2002). It is therefore not surprising thtatectypamoths are inefficient pollinators &
stellatawhen initially traveling 30 m from a dense patch of plants to a small, isolated
patch. It is also possible thidt ectypaadults flew to isolated areas and repeatedly visited
plants in isolation, quickly depleting the limited supply of pollen in isolated patches
rather than returning to the non-isolated areas where pollen availab#ithueh greater
due to the surrounding naturally occurring plants (Schulke and Waser 2001).

Similar stigmatic pollen loads on unvisited and visited flowers in the isolateldgsatc
indicates that pollinator-mediated pollen deposition made only small (if any)
contributions to stigmatic pollen loads in isolated patches. Although | do not have
experimental confirmation of pollen limitation of seed set, it is likely teatiset
differences between non-isolated and isolated patches are attributablert@bllen
deposition into and within the isolated areas, rather than resource limitation,ebfradus
initiation was consistent throughout the entire flowering season which is gototthe
expectations of resource limitation (Knight et al. 2005). Additionally, the seeldtset
come from individually deployed plants that likely would suffer even lower levels of
pollinator visitation and stigmatic pollen loads compared to the small patchestsfipla
used for pollinator observation and pollen deposition sample collection. Although pollen
deposition data were collected in year 1 and seed set data were collectedin yea
pollinator efficiency does not change from year to year when there iarsawailability
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of pollen donors and similar visitation rates (Reynolds et al. 2009).

The ultimate cost of pollination by pollinating seed predators is loss of seeds through
flower and fruit predation (plus loss of male reproductive function through predation of
male phase flowers). The cost of predation may be mediated through ovipositiamspatter
because egg laying initially determines the number of larvae potentiefigiiron a
plant. In my experiment, oviposition was similar between non-isolated antetsal®as
(corresponding to the similar visitation ratedHofectypato non-isolated and isolated
areas in 2009, Reynolds et al. 2012), which is in contrast to results of Elzinga et al.
(2005), who found higher oviposition in isolated populations. They give two reasons for
the pattern that might be relevant to my results: 1) in low density patchesisierté
leave a host plant could be altered and 2) the acceptance of lower quakssftmuid
increase. Their small, isolated experimental plots, however, contained 16 plants
compared to the single plants used here, and their patches were set apart atr$08 m ve
30 m from the dense population in this design. The closer proximity of my isolated plants
in relation to non-isolated plants means tHaectypamoths could visit isolated patches
with less energy required but then more easily return to the closer highey aéeasit
after ovipositing. Because | used potted plants of similar phenology and number of
flowers, it is unlikely moths detected any differences in flower quaditween my non-
isolated and isolated potted plants.

Unlike oviposition, mean plant predation was significantly higher in isolated:are
66% of total flowers in isolation vs. 54% for non-isolated plants (untransformed means)
Furthermore, the maximum level of predation was higher in isolated areasnthim e
non-isolated area had 100% predation compared to seven out of 33 isolated plants. Only
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two of 18 non-isolated but 20 of 33 isolated plants suffered a greater than 80 percent
predation rate. There are several possible mechanisms for the negativesi@iat
between plant density and predation.

WhensS. stellatgplants have fewer than 30 flowers or fruits, larvae will be food
limited (Reynolds et al. 2012, under lab conditions). Furthermore, larvae prefgeyoun
flowers before the fruits become hardened (Castillo et al., In prepanatider lab
conditions). Larvae on plants in the non-isolated area would be able to move to nearby
naturally occurring plants with available flowers and fruits that might liegbier quality
(younger, softer) whereas larvae on the isolated plants had no plants within 30 m to move
to additional resources. While 30 m seems possible for adult moths to fly, 30 mis a long
distance for larvae to travel (Hagstrum and Subramanyam 2010). Consequeséypla
isolated plants may have consumed less favorable fruits because no o#inbe plaint
material was available nearby (Kunin 1997).

Another possible explanation for lower seed predation in the non-isolated area is
potentially higher natural enemy abundance in the established or high dezaisyeln
that isolated areas are enemy-free spaces (Jefferies and LawtonAl8&xtjgh | have
casually observed parasitoids emerge fibnectypalarvae in the lab, | was not able to
collect data on parasitism ratestbfectypa However, other studies 8ilenepollinating
seed predators shed light on possible parasitism rates. Parasitism can beahighb@ne
percent and involving 13 parasitoid species) with decreased parasitoid priesence
smaller patches and lower parasitism ratddaafenain smaller, more isolated
populations (Elzinga et al. 2003, Elzinga et al. 2005, Elzinga et al. 2007a). Parasitoids
can have profound impacts on larval consumptitadenalarvae consumed 50% less
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plant material when parasitized, even though they were parasitized by a &otnobi
parasitoid that allows for continued larval feeding (Elzinga et al. 2003).

Contrary to my hypothesis, isolated plants did not benefit from increased poflinati
by specialized pollinating seed predators. Although pollinator importarideeaftypa
was higher than co-pollinators in both non-isolated and isolated patches, stigotiat
loads after a visit bif. ectypawere lower for isolated plants thereby resulting in
decreased benefit &f. ectypafor plants in non-isolated vs. isolated patches.
Consequently, plants in isolated areas produced no more seeds per mature fruit than my
pollinator exclusion plants. Without pollinating seed predators, isolated plantsavay
the chance to produce a low number of seeds from an occasional visit by a non-specialist
co-pollinator or within-flower self pollination (like my caged pollinatackision plants).
Self pollination, however, may result in inbreeding depression and have important
consequence on seed number and quality (Dudash 1990, 1991).

Reduced reproductive output in isolated areas indicates that isBlageallateplants
may experience a component Allee effect for seed set. There are twagosases of
this component Allee effect f@&. stellatareduced pollination and greater seed predation.
Jules and Rathcke (1999) also found a similar Allee effect due to multiple causes, but
evidence for multiple causes of component Allee effects is uncommon (Bele2@d7,
Kramer et al. 2009).

A component Allee effect through reduced seed set in isolation may not be
immediately noticeable for long-lived herbaceous plants (sugh stellata that may be
less dependent on annual seed production for population persistence. For plants that can
reproduce both sexually and asexually, however, it is the sexually produced gfteptin
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are important in population establishment (Ceplitis 2001), and seed predation has greater
impacts for plants on the edge of an expanding population or cut off from the main
population through habitat fragmentation compared to plants within established
populations (Harper 1977). In this pollinating seed predator system, however,
overcoming an Allee effect due to reduced pollination and greater seed predation is
complicated because the pollinators that are most frequent and could alle\e&te pol
deficits through increased visitation are not effective pollinators for e&blatnts, and
their young are the seed predators. If this component Allee effecatessito a patch-
level effect on fitness, then a demographic Allee effect may be obs&tegzhéns et al.
1999), thereby demonstrating the consequence of isolation for population expansion and
persistence and indicating the importance of considering specietiaiesan
conservation of populations of endangered and threatened species.

Differences in the ecological setting of an interaction can result intioaria the
outcomes of interaction (Bronstein 1994). For example, over broad temporal and spatial
scales interaction outcomes may vary (Billick and Tonkel 2003). Others have shown
effects of herbivores on host plant demography over large-scale environmadiahty
(Louda 1982, Rand 2002, Miller et al. 2009) and between population differences in
outcomes of interactions resulting in a geographic mosaic of coevolution (Thompson and
Cunningham 2002, Thompson and Hernandez 2006, Thompson et. al 2010, Reynolds et
al. 2012). However, my study focuses on interactions at a local geographitosiadev
that varying ecological context even within a population can affect the outcomes of
interspecific interactions at a relatively small scale (10s of sjet€or pollinating seed
predator interactions, no other study has fully demonstrated this phenomenon by
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examining pollinator frequency and efficiency and seed set per maturddngtvaith

oviposition and predation for non-isolated and isolated plants.
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Tables

Table 1. ANOVA results (F values, degrees of freedom and P values) comgetang

from isolated-meadow and isolated-woods areas for pollinator wisité2D08 and 2009),
stigmatic pollen loads (2008), seed set per mature fruit (2009), oviposition (2009) and
predation (2009). Visitation rate was calculated from number of visits byiagtotl type
divided by the number of flowers in the patch on an observation night divided by the
length of the observation period. Oviposition was calculated as the number of eggs per
number of fruits or uneaten flowers, and predation was calculated as the propoation of

flowers and fruits eaten per plant.

Pollinator Visitation F DF P
2008 1.28 20 0.2719
2009 3.04 62 0.0864

Stigmatic Pollen Load 0.02 24 0.8797

Seed Set 1.75 14 0.2067

Oviposition 1.59 29 0.2169

Predation 0.02 31 0.8921
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Table 2. Untransformed means and 1 standard error (S.E.) for visitation rateadypa

and co-pollinators in 2008 and 2009 in non-isolated and isolated patches. Visitation rate
was calculated from number of visits by a pollinator type divided by the number of
flowers in the patch on an observation night divided by the length of the observation
period. Because habitat type had no effect on visitation to isolated patches, | heoled t
isolated patches and present one mean. Different letters in the right side cepuesemnt

significant differences & < 0.05 within each year.

2008 Visitation rate S.E.
Non-isolated H. ectypa 0.243 0.028 a
Non-isolated - co-pollinators 0.015 0.004 C
Isolated H. ectypa 0.135 0.027 b
Isolated - co-pollinators 0.019 0.005 c

2009 Visitation rate S.E.
Non-isolated H. ectypa 0.246 0.072 X
Non-isolated - co-pollinators 0.061 0.020 |y
Isolated H. ectypa 0.291 0.059 X
Isolated - co-pollinators 0.057 0.015 |y
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Table 3. Untransformed means and 1 standard error (S.E.) for plant reproductive

measures taken on individually potted plants in 2009. Oviposition was calculated as the
number of eggs per number of fruits or uneaten flowers, and predation was calailated a
the proportion of all flowers and fruits eaten per plant. Because habitat type haéabo eff

on seed set, oviposition and predation for isolated plants, means are pooled across the two
habitat types for isolated plants. Different letters in the right sideraolepresent

significant differences & < 0.05 for each dataset.

Seeds per fruit Mean S.E.
Non-isolated 14.497 2.222 a
Isolated 7.040 1.875 b
Pollinator exclusion 6.537 1.488 b

Oviposition Mean S.E.
Non-isolated 0.152 0.040
Isolated 0.132 0.039 X

Predation Mean S.E.
Non-isolated 0.544 0.054 g
Isolated 0.661 0.055 h
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Figures

Figure 1. Schematic diagram of tB#ene stellatdield site. Closed circles represent the
general placement of individual potted plants used for fruit set, seed set, eg@taying
predation data collection in 2009. Open circles represent the generaniadfagets of

potted plants placed in the field for pollinator observations in 2008 and 2009 and flower
collection for pollen deposition data in 2008. Gray-filled areas on the sides of the
diagram represent wooded area, while the center area is all open meadew ltyea

power line cut. The stippled area at the top of the diagram representsathatara

continuous population of naturally-occurring plants.

Figure 2. Stigmatic pollen loads from flowers collected from individual pottedspiiant
the non-isolated and isolated patches in 2008. Because habitat type had no effect on
stigmatic pollen loads of isolated plants, means are pooled across the twes habéat
means and standard errors presented are untransformed, however, statisygas anal
were performed on lggtransformed data. Error bars represent + one standard error.

Different letters above the bars represent significant differencesnsformed means.
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Chapter 3
Host plant synchrony with its pollinating seed predator contributes to the irdaract

outcome betweeSilene stellatdCaryophyllaceae) andadena ectypéNoctuidae)

Abstract

Phenology plays an important role for plant-insect interactions, and to understand the
combined effect of flowering and pollinator or florivore phenology on species initgrac
outcomes, synchrony between flowering and pollinator or florivore activity witidn a
across seasons are needed. To my knowledge, this study on the facultativeéonteract
betweerSilene stellatandHadena ectypas the first to quantify a measure of synchrony
between host plants and pollinating seed predators. | observed moth pollinator visitation,
determined stigmatic pollen loads, followed the timing of floweringrnéctypa
oviposition and larval density, then determined initiated fruit set and flower and fruit
predation rates on focal study plants across two flowering seasons. |teal@ylachrony
between focal plant flowering and pollinating seed predator oviposition. Pollinator
visitation, stigmatic pollen loads and larval density per plant varied sigmtifyoaithin at
least one season, however, none of the variables were different between years.
Oviposition decreased across the season in both years and was significguethyirhi

2009. Flowering density within the population was significantly greater in 2008 and
increased across 2008, while it decreased across 2009. Initiated fruit sehiaas s
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between years, and predation was higher in 2009. The magnitude of synchrony between
S. stellataflowering andH. ectypaoviposition was significantly higher in 2009 than in
2008. Synchrony did not affect initiated fruit set (an indication of pollination) in either
year. However, synchrony had a significant effect on predation in both yeans but
opposite directions: plants with highest synchrony levels in 2008 had the highesbfevels
predation, whereas in 2009 plants in highest synchrony with oviposition experienced the
lowest predation. Interannual variation in the magnitude of synchrony, as well as,
potential climatic differences may explain the contrasting relationshigeba synchrony

and predation between years. This study identifies a specific scenario (highofeve
synchrony) in which facultative pollinating seed predators may have a nstituali

outcome with their specialized host plant.

Introduction

Phenology plays an important role in the outcome of plant-insect interactiohsk&at

and Lacey 1985, Crawley 1997, Kearns et al. 1998). Because host plants and insects may
use different cues to determine phenological timing (van Asch and Visser 2004 or ma
respond differently to climate changes (Parmesan and Yohe 2003), a mismatch in
flowering and insect activity may occur and result in either positive or negeftects on
host plant fithess depending on whether the interaction is primarily mutualistic or
antagonistic (Harrington et al. 1999, Hegland 2009, Forrest and Miller-Rushing 2010).
For instance, phenological mismatches with pollinators could cause reduced host plant
reproduction (Hegland et al. 2009), whereas mismatches with herbivores maynresult i
higher fitness for host plants (Collin and Shykoff 2010). Therefore, the degree of
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synchrony between flowering and pollinator and florivore activity within a sedsarids
be calculated to understand the combined effects of phenology of flowering and
pollinator or florivore activity on interaction outcomes (Russell and Louda 2004).

The potential impact of phenological matches or mismatches between hosaptants
pollinators and insect herbivores has been the subject of multiple recent revisssl(R
and Louda 2004, Elzinga et al. 2007b, Miller-Rushing et al. 2010), however, few studies
actually quantify plant-insect synchrony (Russell and Louda 2004 and referatites w
Russell and Louda 2005, van Asch and Visser 2007). When it is calculated, synchrony
usually is determined at the population level, which, if data are collected oveyess
and populations, may provide an explanation for spatiotemporal variation in species
interactions (e.g., Louda et al. 2004, Singer and Parmesan 2010). However, qgantifyin
among year variation in synchrony is not sufficient for studying the outcome
interactions within a season (Hegland et al. 2009). Monitoring the temporal distribut
of individual phenology (rather than population-level monitoring using metrics such as
date of first flower or first arrival) facilitates the construction of wlially-based
synchrony measures that allow for a better understanding of host plant vultetabili
phenological matches or mismatches with pollinators or antagonists witrasanse
(Miller-Rushing et al. 2010). In particular, calculating synchrony at the iha@ilevel
allows translation of the consequences of variation in synchrony into reproductive
differences and potentially provides a mechanistic understanding aisfitliféerences
among individuals within a population.

In pollinating seed predator mutualisms (a.k.a. nursery pollination), pollinatidg see
predator adults first pollinate flowers, and then females lay eggs on thedlfWebes
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1979, Dufay and Anstett 2003, Kephart et al. 2006). After hatching, larvae feed on
flowers, fruits and/or seeds. Synchronization between partners may favor ibeepees
of these mutualistic interactions (Addicott et al. 1990, Bronstein 1992). However, poor
matching in mutualisms has been documented (Ollerton and Lack 1992, Herrera 1998),
and recent theoretical research suggests that high levels of synchronynhatumee and
pollinating seed predators should not be expected because of conflicting selection on
phenology via the mutualistic and antagonistic effects of pollinating seedgrsedat
host plant reproduction (Brody 1997, Law et al. 2001). Indeed, Elzinga et al. (2007)
found that the effects of pollinators and antagonists on selection for flowering pgyenolo
often are in opposition.

For highly obligate relationships (e.g., fig-fig wasp, yucca-yucca mothi) pleost
and insect phenology have likely coevolved (Law et al. 2001), and therefore may not be
ideal study systems to examine the role of synchrony in determining trdarac
outcomes. Whereas for facultative pollinating seed predator interaction$Silemng,
Hadeng, coevolution of tightly matched host plant and pollinating seed predator
phenology may not be as likely due to positive interactions between host plants and co-
pollinators that do not use the flowers and fruits as larval food resources (Kegthart et
2006). In both types of pollinating seed predator systems, plant flowering phenology
must match pollinating seed predator adult activity in order to receive theirgpiokh
services (Bronstein 1992), but it is more difficult to determine whether plathiis \ai
population that are synchronous or asynchronous with their pollinating seed predators
will suffer the highest levels of seed predation because of the temporal iseparat
between pollination and seed predation.
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The role ofSilene(and allied) spp. flowering phenology on outcomes of pollinating
seed predator interactions witadenaspp. has been documented. Pollination may be
similar for plants flowering across the season (Pettersson 1991) with pred&t®on r
higher for earlier plants (Pettersson 1991, Biere and Honders 1996), or fruit set may
decrease while predation increases across the season (Biere and Hondersllii996, C
and Shykoff 2010). Between or within year variation in levels of predation may be the
result of higher density (and therefore, visitation rateg¢jaafenain different years or at
different times of the season (Pettersson 1991, Biere and Honders 1996), but these
potential effects of pollinating seed predator phenology have not been quantified.
Determining not only the phenology 8ileneflowering andHadenaactivity, but also,
their synchrony may shed light on whether this interaction is mutualistic asipafor
the host plant (Bopp and Gottsberger 2004).

| quantified the phenology &ilene stellatdlowering and its pollinating seed
predatorHadena ectypathen calculated synchrony between individual plant flowering
and oviposition to determine the effect of synchrony on host plant reproductive success.
My goal was to determine whether host plant and pollinating seed predatorsynch
across the season altered the interaction outcome within one population for tsvo year
This study goes beyond previous work on pollinating seed predator mutualisms by
collecting detailed data on both individual host plant flowering and also pollinagdg se
predator activity and then calculating a measure of synchrony betweevotHarst |
documented the within season phenology of pollinating seed predator activity and host
plant flowering by measuring moth visitation, stigmatic pollen loads, flogetensity,
andH. ectypaoviposition and larval density across two flowering seasons, and
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additionally, | examined the interannual differences of these variables| €akunlated
host plant flowering-pollinating seed predator synchrony. | focused on within-season
individual plant (rather than population-level) synchrony with pollinating seecfansd
and predicted that individual plants would experience different interaction outcomes
depending on their synchrony with ectypal hypothesize that 1) plants that flower
synchronously with pollinating seed predator adults may experience highedefe
reproductive output because of their overlap with the pollination activity portion of the
interaction and limited overlap with larval predation, and 2) plants asynchronous with
pollinating seed predator adults may be more negatively affected becaubavbey
overlap with larval activity and could be susceptible to flower and fruit poedatithout

benefiting from pollination services.

Methods

Study organisms—Silene stellatas a native, long-lived, iteroparous perennial plant that
occurs in the eastern part of the United States in forest or meadow habitdtewEne

are hermaphroditic and protandrous with white, fringed petals and exhibit a nocturnal
pollination syndrome (Reynolds et al. 2009). A frequent pollinatbiaidena ectypa
(Noctuidae). AdulH. ectypanectar at flowers, then, on approximately 40% of all visits
(Kula et al., Unpublished data), or nearly all visits by femalegctypafemales oviposit
into the corolla tube and lay an egg at the base of the ovary or on the inside of the calyx.
Oviposition byH. ectypais a good measure of pollinating seed predator adult activity
because it is indicative of both pollination®fstellataand the initial step toward seed
predation (Reynolds et al. 2012, Chapter 1). Pollination during oviposition Visits is
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equivalent to visits in whicH. ectypanectar only (Chapters 1 and 2). Larvae feed on up
to 40 flowers and fruits under laboratory conditions (Reynolds et al. 2012). Other
nocturnal moth co-pollinators visit flowers to feed on nectar (Reynolds et al. 2012).
Hadena ectypand moth co-pollinators are equally effective at pollen transfer, thus their
pollinator importance (= frequency x effectiveness, Reynolds and Fenster 2008) i
dependent on their relative visitation rates (Reynolds et al. 2012). Aside from deer

browsing, all flower and fruit consumption results freimectypafeeding.

Study site—I studied the interactions betwegnstellateandH. ectypain a clear cut
meadow produced by a power line cut in the Allegheny Mountains of southwest Virginia
near the University of Virginia’s Mountain Lake Biological Station ineSiCounty,
Virginia, U.S.A. (37°20'53"N, 80°32'41"W, elevation 1,100-1,300 meters). The

flowering season at this site starts in early July and continues throliglseptember.

Pollinators and pollination—Pollinator observationsTo quantify pollinator abundance
and community composition, | conducted pollinator observations from mid-July through
mid-August when flower density is highest (Reynolds et al. 2012). On eachsgmpli
night, observations of the natural population began within one hour after sunset when
moth pollinator activity is highest and continued through the highest activitdpend
therefore when most pollination occurs (Reynolds et al. 2009). During observations, |
wore a headlamp with a red light to facilitate observations without disturltiy m
pollinators. The starting point at the base of the mountain alternated each eaeding,

two patches were observed on consecutive evenings. Censuses commenced within the
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season when flowering density was high enough to accommodate observationssin at lea
20 patches of plants.

| observed moth pollinators in haphazardly selected patches of plants, and by moving
10-15 m from patch to patch, | avoided re-counting moths that might fly between plants
during observations and captured an estimate of the moth community for each night
within the entire field site. | examined all flowers within the patch for noedunoth
pollinators contacting floral reproductive partsSofstellata Total number of flowers per
patch was estimated from number of plants within a patch x number of flowers on a
haphazardly chosen representative plant within the patch. The total nurkbexatypa
nocturnal moth co-pollinators and total nocturnal moth pollinatdfis éetypaand co-
moth pollinators combined) for each night was divided by the total number of flowers
observed on that night (summed across patches) to obtain the number of total nocturnal
moth pollinators per flower for the population on each night.

Observation periods lasted approximately 35—-60 min. (mean=45 min. in 2008, 50
min. in 2009). Approximately 90 s was spent in each patch resulting in observation of
each flower for just an instant (~2 s in 2008 and ~3 s in 2009), however, | was interested
in quantifying the number of pollinator visits a flower experiences over the active
period for each night. Therefore, number of moths per flower was scaled up to a total
nighttime visitation rate by multiplying moths per flower by the number of 2 s (2008)

3 5 (2009) observations each flower would receive during the 45- and 50-minute
observation periods in 2008 and 2009 (1500 in 2008 and 1000 in 2009). This product
provides an estimate of the number of total nocturnal moth visits to a flower during the
period of highest pollinator activity.
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Stigmatic pollen loadsTo determine if pollinator effectiveness varied throughout the
flowering season, one first day female flower was collected from up to 15 hagigazar
chosen plants from across the site each morning after the nighttime pollinator
observations, and collections were made prior to high diurnal pollinator activiorébef
7:30 am). Flowers were transported to the laboratory where stigmas frectedl
flowers were permanently fixed on microscope slides with fuchsin-stglgeerin jelly
(Beattie 1971), allowing later quantification of stigmatic pollen loads wsicgmpound
microscope with 40x magnification. Additionally, five flowers were colléctethe
evening prior to the start of pollinator activity as unvisited controls. The migamasic
pollen load from each set of control samples was subtracted from the next morning’s
flowers stigmatic pollen load, and these adjusted stigmatic pollen loadsguare-soot

transformed for analysis.

Focal plant observations—To determine flowering phenology, oviposition rates and

larval density on dates across the flowering season, as well as, the outcbene of t
interaction betweeB. stellataandH. ectypa | monitored 118 and 96 plants in 2008 and
2009, respectively, as focal study plants. The plants were originally flagtied the

study site between 2003 and 2005. In 2008 and 2009, 34 and 43 of the study plants,
respectively, were naturally occurring, and 80 and 54 plants, respectivedyfram a set

of plants grown from seeds collected at the field site and transplanted to thedieid s

2004 and 2005. | selected plants that represented the natural flowering phenology within
the population. Plants were protected from deer browsing with caging mdtatial t

allowed free movement of pollinators and insect herbivores. | chose to exclude deer
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browsing because of my explicit interesHnectypaand its effects 08. stellata

After flowering was initiated within the population, each focal plant wased®tery
2—-4 days, and at each visit all new and previously unmarked flowers were marked w
uniquely colored labeling tape wrapped around the stem just below the flower. The
number of new open flowers was counted by floral stage (male, first tlagtigmas
protruding = day 1 female, second day with stigmas protruding = day 2 female, older
female). The total number of eggs in the set of newly marked flowers on each gant w
counted using a hand lens to examine the ovary and inside calyx surface where eggs
laid. The number of larvae observed on each plant was recorded. Larvae wereytypicall
first observed after they had initiated movement between flowers, whiclengedtthird
instar forH. bicruruison S. latifolia (Bopp and Gottsberger 2004), and when they were
approximately 10-15 mm in length. At the end of the season, all flowers and fruits were
collected using a standard set of collection criteria (e.g., color and hauafrfasit wall)
and grouped by marking period for each plant. Plants were visited until all frués wer
collected. Flowers and fruits were assessed within the laboratory fonftiaition and
predation byH. ectypaarvae using a dissecting scope with 15x magnification.

| calculated two metrics to quantify the consequences of interactionsingittypa
for S. stellatdocal plants for dates across the season for two years and differences
between the two years. The proportion of initiated fruit (also referred to iasadifruit
set) was the number of flowers to set a fruit (both fruits with seeds and thoseyeidten b
ectypalarvae) divided by total flower production on an individual focal plant or for a
marking date within the observation period. Predation was the number of flowers and
fruits that were eaten divided by total flower production for an individual focat pta
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for a marking date within the observation period. Initiated fruit set, therefoceunts

for pollination success or total pollinator effect on potential reproductive ssitmean
individual focal plant or marking date (unpollinated flowers and eaten flowees we
excluded). Predation accounts for loss of potential reproductive success through flower
and fruit consumption (unpollinated flowers and successful fruits were excludeut) for
individual focal plant or marking date. Because these metrics werdatalt as

proportions, they were arcsine square-root transformed prior to analysis.

Synchrony—BY closely monitoring the timing of flowering and moth abundance on the
focal study plants within my study population throughout the 2008 and 2009 flowering
seasons, | was able to calculate a measure of synchrony between flowdringth
oviposition activity for each focal plant. For an individual focal plant, | muégpthe
proportion of flowers open on a marking date times the number of eggs per flower for
that marking date. | then summed the products for each plant to obtain a plant-level
synchrony measure that accounts for the degree of overlap with oviposition heross t
plant’s entire flowering duration. Plants with synchrony=0 have no overlap with
oviposition activity ofH. ectypa Plants with the highest levels of synchrony opened a
high proportion of their flowers during the highéktectypaoviposition period (see
Appendix A for example calculations).

Because | was explicitly interested in the role of synchrony betWest plants and
pollinating seed predators in their interaction outcomes, my measure of syndbesny
not take into account the abundance of co-pollinators. Co-pollinators are similarly
efficient at pollination compared td. ectypa(Reynolds et al. 2012), however | found
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that co-pollinators did not become a prominent component of the pollinator community
until after 5 August 2008 at approximately six moths per flower and 1 August 2009 at
approximately four moths per flower. By that time, larvae were active with
approximately (or just under) one larva per plant and therefore likely consumiveysl

that would be visited by co-pollinators.

Statistics—To examine relationships between day of the year (January 1=Day 1) and 1)
pollinator visitation byH. ectypa co-pollinators and total nocturnal moth pollinators; 2)
flowers marked per day; and 3) oviposition and larvae per plant, | used nonparametric
regression utilizing thin plate splines on the mean values for each date GRbENE,
SAS 9.2). This method has been commonly used in studies of climate and morphology
(e.g., Hutchinson 1995, Price et al. 2000, Nattero et al. 2010) but has also been invoked
in recent ecological studies where relationships are clearly compiexReynolds et al.
2012).

| also used generalized linear models to test for relationships betweehtayyear
and 1) pollinator visitation bi. ectypa co-pollinators and total nocturnal moth
pollinators; 2) flowers marked per day; and 3) oviposition and larvae per plant, in
addition to, initiated fruit set and predation (Proc GENMOD, SAS 9.2). Stigmatenpol
loads were analyzed using a generalized linear mixed model with day as a faottom
(Proc GLIMMIX, SAS 9.2). For both types of procedures, | specified a Poisson
distribution with a logarithmic link function, except for initiated fruit set andl@atien
for which | used a binomial distribution and a logistic link function.

| examined the relationships between plant synchrony and initiated fruit set and
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flower and fruit predation bi. ectypalarvae using generalized linear models (Proc
Genmod, SAS) with a binomial distribution and logistic link function.

Year to year differences in daily (or nightly) mean values of 1) vigitdiyH.
ectypa moth co-pollinators and total nocturnal moth pollinators; 2) flowers marked per
day; and 3) oviposition and larvae per plant were analyzed using ANOVA (Pid¢ GL
SAS 9.2), and stigmatic pollen loads were analyzed using a mixed model AN@VA w
day as a random factor (Proc MIXED, SAS 9.2). | used mixed model ANOVA with plant
identification as a random factor to compare individual plant initiated fruit stapon

and level of synchrony between years (Proc MIXED, SAS 9.2).

Results

Pollinators and pollination—Pollinator observationgObservations took place on 22

nights in 2008 and 21 nights in 2009, and the mean number of patches observed each

night was 30 in 2008 and 28 in 2009 with a mean of 8 plants per patch in both years.
The number oH. ectypavisits per flower decreased significantly over the season in

both years (Table 1) (Figure 1). Peak visitation rate was 29 moths per flower in 2008 (21

July). Peak visitation was 24 moths per flower in 2009 (23 July). Moth co-pollinator

visitation increased across the season in both years (Table 1) (Figure 1)oMoth ¢

pollinator peak visitation rate was 11 moths per flower in both years, and the peak

visitation occurred on 27 July 2008 and 16 August 2009. SimilaHy ertypa(and

becausd. ectypawas the most frequent pollinator), total nocturnal moth visits decreased

over the season (Table 1) (Figure 1), and dates of peak visitation rate weamthas

for H. ectypavisitation (21 July 2008 and 23 July 2009). Nightly visits per floweby
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ectypa co-pollinators and total nocturnal moth pollinators did not differ between years at
P<0.05 (Table 2).

Stigmatic pollen loaddn 2008, a total of 291 flowers were collected on 20 days from
24 July-22 August, and in 2009, 282 flowers were collected on 19 days from 23 July—19
August. Daily mean morning stigmatic pollen loads ranged from 8—308 in 2008 and 50—
370 pollen grains in 2009. In 2008, stigmatic pollen load increased significantly
throughout the season {»s=11.13,P=0.0037). However stigmatic pollen loads did not
vary across the 2009 flowering seasof; (%1.07,P=0.3161). Daily mean pollen load

across the season did not differ between 2008 and 2009 (Table 2).

Focal plants—Flowering phenologyln 2008, the first plant began flowering on 14 July
2008. The last plants initiated flowering on 31 August 2008, and the last flowers were
marked on 6 September 2008, resulting in a flowering season of 54 days. In 2009, the
first plant began flowering on 6 July 2009. The last plants initiated flowering on 17
August 2009, and the last flowers were marked on 31 August 2009, resulting in a
flowering season of 56 days. The number of flowers marked per plant decreassd a
the season in 2008 {Xs=16.39,P<0.0001) and increased across the season in 2009
(X21,35:85.47,P<O.0001) (Figure 2a). Number of flowers marked per day was higher in
2008 versus 2009 &<0.07 (Table 2).

Oviposition Eggs were observed in both male and female phase flowers. In 2008, the
first egg was observed on 19 July, and the last egg was observed on 20 August. In 2009,
the first egg was observed on 8 July, and the last egg was observed on 12 August.
Oviposition (eggs per flower) decreased across the season in both years (2008:
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X?1374.91,P=0.0267; 2009: % 3=5.21P=0.0224) (Figure 2b). Oviposition was twice

as high in 2009 as in 2008, resulting in a difference between yd2«6.88 (Table 2).

Peak oviposition was over 1.5 times higher in 2009 (2.75 eggs per flower) than in 2008
(1.6 eggs per flower), and peak oviposition was 9 days earlier in 2009 (14 July 2009
versus 22 July 2008).

Larval density Forty plants (34%) 2008 and 28 plants (29%) in 2009 had at least one
larval observation. In both years, 14 plants had two or more dates when a larva was
observed. In 2008, the first larva was observed on 24 July, and the last larva was
observed on 26 August, with three more flower observations after that date. In 2009, the
first larva was observed on 23 July, and the last larva was observed on 25 August, on the
last day of flower observations. In both years, peak larval density was 1.5 larvae p
plant, and the peak densities occurred on 6 August and 14 August 2008 and 8 August
2009. In 2009, but not 2008, the number of larvae observed per plant increased across the
season (2008: % 3=1.03,P=0.3097; 2009: % 3=11.84,P=0.0006) (Figure 2). Number

of larvae per plant on days across the season did not differ between years (Table 2)

Synchrony and the outcomes of the interaction for host plantsinitiated fruit set
decreased across the season in both years (2608=X04.83,P<0.0001; 2009:
X?135=13.53,P=0.0002). In 2008, predation did not change across the season
(X?,.37=0.06,P=0.8065), however, in 2009, predation was higher at the end of the season
(X21,35:48.10,P<O.0001). Mean initiated fruit set was similar in the two years, but
predation was significantly higher in 2009 (Table 2). The mean level of synchrony
between host plants and pollinating seed predators was significantly ditfetesmten
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years: approximately two times higher in 2009 (Table 2).

In 2008, two plants had synchrony=0 (no overlap Witkectypaoviposition), and
their median flowering date was 31 August with mean flowering durationfhas six
days. In 2009, four plants had synchrony=0, and their median flowering dates were 17-24
August with a mean flowering duration of 10 days. These flowering times are beyond the
last observedH. ectypaegg in both years, and so these plants had no exposure to
ovipositingH. ectypamoths, thus synchrony=0.

The highest synchrony in 2008 was 0.746, and the plant with this level of synchrony
flowered over 6 days with a median flowering date of 21 July (seven dayf#aiftering
initiation). The highest synchrony in 2009 was 1.402, and the plant with this level of
synchrony flowered over just one marking period on 18 July (all of its flowers weme ope
on this day) (12 days after flowering initiation). These flowering datesesaepeak
oviposition for both years. See Appendix A for synchrony calculations for eight foca
plants.

Host plant synchrony witHl. ectypaoviposition did not have an effect on initiated
fruit set in either year (2008:%X116=2.33,P=0.1271; 2009: % ¢5=2.21,P=0.137)

(Figure 3), however, synchrony had a significant effect on predation in both yrear
2008, plants with higher synchrony had higher predation (20%]_&:1@@46.47,
P<0.0001), but in 2009, plants with higher synchrony had lower predatibin &stypa

larvae (2009: X, ¢s=16.74,P<0.0001) (Figure 3).

Discussion
My results demonstrate a significant role of synchrony in determining pddimating
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seed predator interaction outcomes within a season. Although there was nofeffect
synchrony on initiated fruit set in either year, in 2008, plants with the highegireyny
experienced the highest predation rates, whereas in 2009, plants with the highest
synchrony experienced significantly lower predation. This interannual vétgiabithe
effect of synchrony on predation may be attributed to between year diffeiangehin
season timing of flowering and oviposition as compared to the timing of larval activit
Although pollinator visitation, stigmatic pollen loads and larval density per pldmtadi
vary between years, each of these variables changed significantly acleast one
season.

The magnitude of synchrony was significantly different between yedrg/as two
times greater in 2009 compared to 2008. Because both flowering and oviposition (the two
variables used to calculate synchrony) were delayed to a similar de@@@8 compared
to 2009, these interannual differences likely did not affect synchrony differbeste&een
years. Between year differences in 1) within plant flowering patsrd<) level of
oviposition, however, likely were important. Flowering affects synchrony sairthe
way that individual plants open their flowers—do plants open a small or large proportion
of their flowers per marking period? In 2009, | found that plants individually flowered
over a shorter period, and thus the proportion of flowers opening per marking period was
significantly higher in 2009 versus 2008 (Appendix B). With a higher proportion of a
plant’s flowers open in a marking period, the potential for interactionkvigctypa
through oviposition is magnified and will result in a higher synchrony level (in Appendi
A, compare marking period 1 for plants T2-9 and P1-136 where oviposition rate is 0.666
for both but proportion of flowers is different resulting in a different synchromg oo
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that period on those plants). It is also likely that levels of oviposition were important
determining interannual differences in synchrony. With the lower ovipositiefs|e

2008, there was a smaller difference in the potential synchrony levels behsaandt

and least synchronous plants, whereas in 2009, plants flowering at peak oviposition had
twice the potential synchrony as those flowering after the peribd e€typaoviposition

that year.

Synchrony had a significant effect on predation in both years, but in opposite
directions. In 2008, plants with the highest synchrony between flowering and oviposition
experienced higher predation, whereas in 2009, these plants experienced lowenrpredati
In 2008, the significant positive effect of synchrony on predation indicates amés pl
with the greatest overlap with. ectypaoviposition suffered the greatest predation levels.
The timing between flowering and larval activity could have caused this.result
Compared to 2009, later flowering and oviposition but with similar larval phenology as
2009 meant that plants in 2008 with the highest synchrony were less removed from peak
larval activity (see more below on larval activity timing and the effeclimiate). In
2008, the first flower and first egg were only 10 and 5 days before the first larval
observation, respectively. In 2009, however, the first flower and first egg were 17 and 15
days before the first larval observation, respectively. In 2009, the plahttheihighest
flowering and oviposition overlap (=highest synchrony) had more time to mature thei
fruits before larval activity peaked, plus fruit maturation was faster in 2809efdix
B). Larvae prefer flowers and unhardened fruits (Castillo et al., In ptepgrand
therefore early flowers in 2009 may have been avoided because they had advanced to
mature, hardened fruits by the time that larvae were highly active. Invedhnes,
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because of the length of time between oviposition and larval activity in 2009, plants that
flower synchronously with oviposition activity may escape predation by theasiagly
large larvae with higher consumption rates.

Initiated fruit set and predation showed different within and between seasongatter
Initiated fruit set decreased across the season in both years. Altholgloftotator
density also decreased across the season in both years, stigmatic pollereteads w
constant and sufficient to fertilize all ovules (at least two times gréete ovule number
= 25, Reynolds et al. 2009) across the season (for all but one sample in 2008), providing
no evidence of pollen limitation (Knight et al. 2005). Furthermore, the sufficient
stigmatic pollen loads across the season in both years may account fok thiealac
relationship between synchrony and initiated fruit set in either year andstsigigat the
increase in stigmatic pollen loads across 2008 are not biologically significstngmatic
pollen loads do not explain the decrease in initiated fruit set across the season, then
resource limitation may have been a factor, as in senita cactus for whathwater
availability resulted in lower reproduction (Holland 2002). Additionally, ongoing fruit
development has been shown to reduce initiated fruit set for later flowers (Fenste
1991c). The pattern of predation across the 2009 season is likely due to a significant
increase in larval density across 2009, and the two times higher oviposition in 2009
versus 2008 may be the main cause of differences in predation between years (e.g.,
Elzinga and Bernasconi 2009). Compared to other studies on the role of flowering
phenology orSilene-Hadenanteraction outcomes, my results were most similar to two
studies in particular. Biere and Honders (1996) investigated reproductivessattee
Silenespp. with different flowering phenologies and found that for the earlier flowering
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species$. dioicg, early plants had high fruit set and low predation. Collin and Shykoff
(2010) also found a decrease in fruit set and an increase in predation acros®the seas
Both results are similar to the patterns for predation that | detected in 200&uthbes
did not collectHadenaabundance data, and so relative match or mismatch with each
species over its flowering duration and the role of synchrony, therefore, could not be
determined.

| found interannual differences in the pattern of larval density across the sedwin. W
might be most curious about the larval patterns between years is that, unlierftpw
and oviposition, larvae first appeared and peaked at nearly the same date iraeackl ye
reached a similar peak density. It is possible that abiotic conditionseaffectal
development rates. Larval development time may be decreased under favorable
environmental conditions (Bale et al. 2002), namely higher daytime maximum
temperatures during the period when larvae are feeding (Dell et al. 2005fpand |
slightly higher maximum daily temperatures during the floweringseas2008 versus
2009 (Appendix C). Similarly, for two fig wasp species, larval fig wasp raatur was
1.5 times faster when temperatures increased from 24° C to 28° C, and temperature
explained over 70 percent of the variation in developmental time (Bronstein and Patel
1992).

Plant flowering phenology and phenology of insect emergence or activityenay b
affected by climatic variables (Rathcke and Lacey 1985). Studies dygdhcused on
the effects of climate change on phenology and synchrony and their effectsraatioh
outcomes demonstrate that climate change causes mismatches betwaetmigte
species (Visser and Both 2005, Thackeray et al. 2010). Temperature, in particular, is
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important for plant flowering phenology and insect development (Tauber and Tauber
1981, Bale et al. 2002, Cleland et al. 2007), but the response of plants and insects may be
in different directions (van Asch and Visser 2007). Increased temperatulteaes

earlier flowering initiation oSilene acauligAlatalo and Totland 1997). Rainfall may

also affect phenology, and fBicus spp., drought caused phenological changes that
resulted in local extinction of fig wasps (Harrison 2001). | found earlier fiaggand
oviposition in 2009, by over one week, when rainfall prior to the flowering season was
much greater than in 2008 (540.25 mm in 2009 versus 294.64 mm in 2008, Appendix C).
Other climatic variables were less variable between the two gaavgarrant further
investigation in future studies to gain insights on the complexity of interaction cegcom

in light of year to year climatic differences (Appendix C).

This is the first study to calculate host plant-pollinating seed predatorreyiydior a
plant—pollinating seed predator interaction, to my knowledge. | calculated epgdby
combining an individual plant’s proportion of flowers open with oviposition rates of the
pollinating seed predator. Russell and Louda (2004) used a similar “difference i
proportion” metric to explain variation in host plant-seed predator interactiamsgam
several populations, while my measure of synchrony is more similar to tbalatedl by
van Asch and Visser (2007) that focused on the bud opening date for individual trees.
Like van Asch and Visser (2007), | was interested in the variation in interacticonues
within a population. These types of results are useful in studying demographic or
evolutionary effects of pollinating seed predator interactions within a popuidlzinga
et al. 2007b, Miller-Rushing et al. 2010). By calculating synchrony and studying i
effects over two years, | incorporated potential effects of extringioréafe.g., climate

73



effects) on host plant demographic factors, which may subsequently b&ecay that
mutualism affects population processes (Holland 2002).

Reynolds et al. (2012) demonstrated interannual and geographic variation irowsitati
rates and oviposition ¢i. ectypaon S. stellataand subsequent effects on host plant
reproduction. Because of similar pollinator importance to co-pollinators and the
additional fruits consumed by. ectypa Reynolds et al. (2012) concluded that the
interaction betweeHRl. ectypaandS. stellatas parasitic, but because of within season
variability in pollinating seed predator density, their results suggest that sjpetefic
ecological conditions the interaction outcome may be less antagonistic and even
potentially mutualistic. This study has now identified that under the very higivess$ bf
synchrony withH. ectypa host plants experience relatively lower flower and fruit
predation and at the same time benefit from high fruit initiation rates in one yelar, w
the opposite is true in another year. These patterns, as suggested above, abay refle
differences in the greater displacement of larval activity kedb flowering and
oviposition in 2009 versus 2008, as well as, potential effects of climate differences
between years. This study, therefore, provides an example of a withomssadogical
scenario (varying synchrony levels) resulting in interannual diffeeircinteraction
outcomes. This insight into the within season and year-to-year variability @fféoe of
synchrony on host plant reproduction is essential to understanding the ecologesal forc
that shape mutualistic interactions (Billick and Tonkel 2003). Variation in irienac
allows populations to respond to changes in their environment (Thompson 1999), thereby

helping to explain the persistence of this facultative interaction.
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Tables
Table 1. The relationship between number of estimated total viditseaftypa moth co-pollinators or all nocturnal moth visits per

Silene stellatdlower with date across the season.

H. ectypa Co-pollinators Total pollinator visits
Sign Chi-square P Sign Chi-square P Sign Chi-square P
2008| - 87.27 <0.000L + 6.07 0.0137 - 25.75 <0.0001
2009| - 106.48  <0.0001 + 12.19 0.0005 - 20.81 <0.0001




Table 2. Results of tests comparing means for 2008 and 2009 for nightly number of Wieschypa moth co-pollinators and total
moth pollinatorsS. stellatastigmatic pollen loads; daily number of flowers marked; daily oviposition (eggswaasper flowers
marked); daily larvae per plant; initiated fruit set and predation for individaal plants and synchrony with pollinating seed

predator oviposition. Untransformed means and + 1 standard errors are presented.

Mean + S.E.

Pollinators and pollination F df P 2008 2009
Pollinator visitation H. ectypa 0.98 42 0.3276 6.56 £ 1.39 4,65+ 1.32

Moth co-pollinators 1.31 42 0.2595 5.19 £ 0.63 4.23 +0.55

Total moth pollinators 2.88 42 0.0971 11.74 +1.32 8.88 +1.03
Stigmatic pollen load per flower 0.76544 0.3989 182.66 +19.06 184.08 + 19.62
Focal plants
Population flower density 3.5375 0.0644 60.56 + 8.96 41.24 +5.73
Oviposition 3.23 75 0.0765 0.21 £0.05 0.44 £0.11
Larvae per plant 1.07 77 0.3052 0.71+0.11 0.55+0.10
Initiated fruit set 0.19 74 0.6665 0.75+0.02 0.75+0.03
Predation 6.47 74 0.0131 0.34 £0.03 0.46 £ 0.04
Synchrony 27.29 74 <0.0001 0.16 + 0.01 0.32 +0.03




Figures

Figure 1. Number of nightly pollinator visits 8 stellataflowers byH. ectypa moth co-
pollinators and all nocturnal moth pollinators estimated for the entire moth ye&riod
in A) 2008 and B) 2009. Figures were produced using values obtained from

nonparametric regression.

Figure 2. A) Daily number db. stellataflowers marked in 2008 and 2009 and B) daily

H. ectypaeggs per marke8. stellataflower and number of larvae p8r stellataplant for
2008 and 2009. For several plant observation dates early in the season, no larvae were
observed. The figures were produced using values obtained from nonparametric

regression.

Figure 3. The relationship of synchrony betw&estellataflowering andH. ectypa
oviposition with initiated fruit set and flower and fruit predation in A) 2008 and B) 2009.
Best fit lines are shown for initiated fruit set (solid line) and flower and preiation

(dashed line).
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Figure 1A.
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Figure 1B.
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Figure 2A.
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Figure 2B.
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Figure 3A.
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Figure 3B.
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Appendices
The following supporting figures and tables provide detailed information to accompany
Chapter 3. Appendix A demonstrates the calculations necessary to determinersynchr
betweerSilene stellatdlowering andHadena ectypaviposition. Appendix B provides
statistical results and means + 1 standard error of additional flower tuarables and
fruit maturation rates. Appendix C is a table of meteorological data @ulécm
Mountain Lake Biological Station in three periods prior to and duingtellata

flowering in 2008 and 20009.
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Appendix A. Example synchrony calculations for Silene stellatdocal plants in 2009

in decreasing order of synchrony. Mark day = date flowers were markedfialthe

Numb. fl. = number of flowers marked at that period, Pro. fl. open = proportion of total
flowers for that plant that were first open on that marking day, Eggs per fl. =atiopul

level estimates of oviposition byadena ectypdor that date, Synchrony = Pro. fl. open x
Eggs per fl. Synchrony values for each focal plant is the sum of synchrony primducts

each marking date and are in bold. In 2009, the first egg was observed on 8 July, and the

last egg was observed on 12 August.

Numb. Eggs
Plant ID Period Mark day fl. Pro. fl. open perfl. Synchrony

T2-9 1 11 July 1 0.083 0.6666 0.056

T2-9 2 13 July 3 0.250 0.9839 0.246

T2-9 3 17 July 2 0.167 1.4262 0.238

T2-9 4 20 July 4 0.333 1.0967 0.366

T2-9 5 23 July 1 0.083 0.6082 0.051

T2-9 6 31 July 1 0.083 0.1796 0.015
0.970

P1-136 1 11 July 4 0.667 0.6666 0.444

P1-136 2 17 July 2 0.333 1.4262 0.475
0.920

‘ P1-12 1 21 July 15 1.000 0.907 0.907
0.907

P1-8 1 8 July 4 0.103 0.543 0.056

P1-8 2 11 July 11 0.282 0.667 0.188

P1-8 3 13 July 6 0.154 0.984 0.151]]

P1-8 4 17 July 13 0.333 1.426 0.475

P1-8 5 27 July 3 0.077 0.294 0.023

P1-8 6 30 July 2 0.051 0.200 0.010
0.903

‘ P3-21 1 24 July 5 1.000 0.507 0.507
0.507
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T1-207 1 22 July 9 0.081 0.739 0.060
T1-207 2 25 July 8 0.072 0.418 0.030
T1-207 3 28 July 20 0.180 0.256 0.046
T1-207 4 31 July 32 0.288 0.180 0.052
T1-207 5 4 August 24 0.216 0.119 0.026
T1-207 6 7 August 11 0.099 0.092 0.009
T1-207 7 9 August 7 0.063 0.073 0.005
0.227
P4-139 1 30 July 3 0.600 0.200 0.120G
P4-139 2 3 August 2 0.400 0.127 0.051
0.171
T2-209 1 5 August 2 0.033 0.113 0.004
T2-209 2 7 August 4 0.067 0.092 0.004
T2-209 3 9 August 12 0.200 0.073 0.015
T2-209 4 12 August 18 0.300 0.033 0.01¢
T2-209 5 14 August 13 0.217 0.009 0.002
T2-209 6 16 August 7 0.117 0.000 0.00d
T2-209 7 19 August 4 0.067 0.000 0.000
0.036
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Appendix B. Table of additional interannual differences in additional floweringhtas and fruit maturation rates ®fene stellata
Inter-annual difference in plant flowering duration, number of flowers (plaa}, groportion of flowers open on a marking day and
median flowering date were analyzed using a mixed model ANOVA with glentification as a random factor (Proc MIXED, SAS
9.2). To determine inter-annual differences in fruit maturation rates, | s@otithet marking date of sets of flowers on study plants
from mean end-of-the-season collection date of flowers and fruits in thatreatledd flowers. | used a mixed model ANOVA with

plant identification as a random factor to compare fruit maturation betwaes (f&roc MIXED, SAS 9.2).

Mean + S.E.
F df P 2008 2009
Flowering duration per plant 12.6174 0.0007 10.77 £0.71 7.64 £0.72
Number of flowers per plant 75474 0.0076 19.38 £ 2.09 15.99 £ 2.03
Prop. flowers open per plant 14.4680 0.0002 0.28+0.01 0.31+0.01
Median plant flowering date 68.88 74 <0.0001 220.18+0.81 212.44+0.92
Fruit maturation timing (days) 101.4560 <0.0001 21.3+0.28 16.7 £ 0.40




Appendix C. Meteorological data collected at Mountain Lake Biologicaldbtaind available at

http://www.mlbs.virginia.edu/mlbsmetdata. Temperature data are in degelsassChumidity is reported in percent and rainfall is in

mm. These periods were chosen to examine because they are the periods paededlimmgSilene stellatdlowering at my study

site in the years of this study and likely affect flowering timing ldadena ectyp@mergence and larval development timing.

January-March April-June Flowering period (3 July-6 Seq
2008 2009 2008 2009 2008 2009

Max. Temp. 17.5 20.33 28.03 26.29 26.61 25.61
Mean Max. Temp 5.21+0.67 4.52+0.79 17.69+0.64 17.75+0.59 22.24+0.29 21.40+0.30
Min. Temp. -18.4 -22.28 -3.08 -6.88 7.18 8.08
Mean Min. Temp -4.32+0.66 -4.81+0.79 8.10+0.57 9.07+0.60 13.51+0.27 13.94+0.28
Overall Mean Temp 0.51+0.65 -0.16+0.77 12.92+0.58 13.26+0.56 17.69+0.22 17.42+0.24
Max. Humid. 100 100 100 100 100 100
Mean Max. Humid. 95.12+0.88 95.29+0.75 96.52+0.85 96.77+0.81 99.67+0.23 100+0.003
Min. Humid. 14.2 13.3 18 18.7 41.5 47.1
Mean Min. Humid. 56.87+2.41 61.9+2.42 60.11+2.05 64.40+2.32 68.10+1.70 76.00+1.42
Overall Mean
Humid. 78.60+1.73 80.93+1.56 80.74+1.48 83.63+1.66 88.11+0.89 92.53+0.64
Total Rain 209.3 236.98 294.64 540.25 217.68 200.91
Numb. Rain Days 37 33 47 43 25 38
Max. Rainfall Day 7.37 8.38 11.94 15.49 12.45 7.11

—

)



References

Addicott, J.F., J. Bronstein and F. Kjellberg. 1990. Evolution of mutualistic lifeesycl
yucca moths and fig wasps. In: F. Gilbert, ledect Life Cycles: Genetics, Evolution
and Co-ordination Springer-Verlag.

Adler, L.S., and J.L. Bronstein. 2004. Attracting antagonists: does floral neatase
leaf herbivoryZEcology.85(6): 1519-1526.

Agrawal, A.A., and P.A. Van Zandt. 2003. Ecological play in the coevolutionary
theatre: genetic and environmental determinants of attack by a speoeaist on
milkweed.Journal of Ecology91: 1049-1059.

Aguilar, R., L. Ashworth, L. Galetto and M.A. Aizen. 2006. Plant reproductive
susceptibility to habitat fragmentation: review and synthesis throughaaanalysis.
Ecology Letters9: 968—980.

Alatalo, J.M., and O. Totland. 1997. Response to simulated climatic change in an alpine
and subarctic pollen-risk strategiSilene acaulisGlobal Change Biology3(Suppl.
1): 74-79.

Andrieu, E., A. Dornier, S. Rouifed, B. Schatz and P.O. Cheptou. 2009. The town of
Crepisand the countrrepis how does fragmentation affect a plant-pollinator
interaction?Acta Oecologia35: 1-7.

Armbruster, W.S., L. Antonsen and C. Pelabon. 2005. Phenotypic selection on
Dalechampiablossoms: honest signaling affects pollination suc&essogy.86(12):
3323-3333.

Armbruster, W.S., Y. Gong, and S. Huang. 2011. Are pollination “syndromes”
predictive? Asiaalechampidit neotropical modelsThe American Naturalist.

89



178(1): 135-143.

Ashman, T., and M. Stanton. 1991. Seasonal variation in pollination dynamics of
sexually dimorphicSidalcea oregangsp.spicata(Malvaceae)Ecology.72(3): 993—
1003.

Bale, J.S., G.J. Masters, I.D. Hodkinson, C. Awmack, T, M. Besemer, V.K. Brown, J.
Butterfield, A. Buse, J.C. Coulson, J. Farrar, J.G. Good, R. Harrington, S. Hartley,
T.H. Jones, R.L. Lindroth, M.C. Press, I. Symrnioudis, A.D. Watt and J.B. Whittaker.
2002. Herbivory in global climate change research: direct effectiiod tsmperature
on insect herbivore§slobal Change Biologys: 1-16.

Beattie, A. 1971. A technique for the study of insect-borne pdian-Pacific
Entomologist47: 82.

Berec, L., E. Angulo and F. Courchamp. 2007. Multiple Allee effects and population
managemenilrends in Ecology and EvolutioB2: 185-191.

Bernasconi, G., J. Antonovics, A. Biere, D. Charlesworth, L. F. Delph, D. Filatov, T.
Giraud, M.E. Hood, G.A.B. Marais, D. McCauley, J.R. Pannell, J.A. Shykoff, B.
Vyskot, L.M. Wolfe and A. Widmer. 200%ileneas a model system in ecology and
evolution.Heredity.103: 5-14.

Biere, A., and S.J. Honders. 1996. Impact of flowering phenolo§jefe albaandS.
dioicaon susceptibility to fungal infection and seed predatinkos.77(3): 467-480.

Biere, A., and S.J. Honders. 2006. Coping with third parties in a nursery pollination
mutualism:Hadena bicrurisavoids oviposition on pathogen-infected, less rewarding
Silene latifolia New Phytologist169: 719-727.

Billick, I., and K. Tonkel. 2003. The relative importance of spatial vs. temporal

90



variability in generating a conditional mutualisBtology.84: 289—-295.

Blair, A.C., and L.M. Wolfe. 2004. The evolution of an invasive plant: an experimental
study withSilene latifolia Ecology.85(1): 3035-3042.

Bopp, S., and G. Gottsberger. 2004. Importanc®ilehe latifoliassp.alba andS. dioica
(Caryophyllaceae) as host plants of the parasitic pollitdddena bicruris
(Lepidoptera, Noctuidaepikos 105(2): 221-228.

Brantjes, N. 1976a. Riddles around the pollinatioMefandrium album(Mill) Garcke
(Caryophyllaceae) during oviposition b\adena bicrurisHufn (Noctuidae,
Lepidoptera). 1Proceedings of the Koninklijke Nederlandse Akademie Van
Wetenschappen Series C —Biological and Medical Scieri@ed—12.

Brantjes, N. 1976b. Riddles around pollinatiorM#landrium albun(Mill) Garcke
(Caryophyllaceae) during oviposition b\adena bicrurisHufn (Noctuidae
Lepidoptera). 2Proceedings of the Koninklijke Nederlandse Akademie Van
Wetenschappen Series C —Biological and Medical Scieri@ed27-141.

Brody, A.K. 1992. Oviposition choices by a pre-dispersal seed predti@niyasp.).

Il. A positive association between female choice and fruiGestologia.91: 63—-67.

Brody, A.K. 1997. Effects of pollinators, herbivores, and seed predators on flowering
phenologyEcology 78(6): 1624—-1631.

Brody. A.K., and S.I. Morita. 2000. A positive association between oviposition and fruit
set: female choice or manipulatioB@cologia.124: 418-425.

Bronstein, J.L. 1992. Seed predators as mutualists: ecology and evolution of the
fig/pollinator interaction. In: E.A. Bernays, ddsect-Plant Interactionsvol. 4.

CRC Press.

91



Bronstein, J.L. 1994. Conditional outcomes in mutualistic interactioesds in
Ecology and Evolutior®: 214-217.

Bronstein, J.L., and A. Patel. 1992. Temperature-sensitive development: consequences
for local persistence of two subtropical fig wasp speéieserican Midland
Naturalist 128(2): 397-403.

Campbell, D.R. 1991. Effects of floral traits on sequential components of fitness in
Ipomopsis aggregatd he American Naturalisfl37(6): 713—737.

Campbell, D.R., M. Crawford, A.K. Brody and T.A. Forbis. 2002. Resistance to pre-
dispersal seed predators in a natural hybrid zZ0eeologia.131: 436—-443.

Cariveau, D., R.E. Irwin, A.K. Brody, L.S. Garcia-Mayeya and A. von der Ohe. 2004.
Direct and indirect effects of pollinators and seed predators to selection onnglant a
floral traits.Oikos.104: 15-26.

Ceplitis, A. 2001. The importance of sexual and asexual reproduction in the recent
evolution ofAllium vineale Evolution.55: 1581-1591.

Chen, Y.H., and S.C. Welter. 2007. Crop domestication creates a refuge fromgparasiti
for a native mothJournal of Applied Ecology4: 238-245.

Cleland, E.E., I. Chuine, A. Menzel, H.A. Mooney and M.D. Schwartz. 2007. Shifting
plant phenology in response to global chafgends in Ecology and Evolution
22(7): 357-365.

Collin, C.L., and J.A. Shykoff. 2010. Flowering phenology and female fithess: impact of
a pre-dispersal seed predator on a sexually polymorphic speleies Ecology 206:
1-13.

Collin, C.L., P.S. Pennings, C. Rueffler, A. Widmer and J.A. Shykoff. 2002. Natural

92



enemies and sex: how seed predators and pathogens contribute to sex-differential
reproductive success in a gynodioecious pl@etologia.131: 94-102.

Craig, T.P., J.K. Iltami and P.W. Price. 1989. A strong relationship between oviposition
preference and larval performance in a shoot-galling saiaiglogy.70(6): 1691—
1699.

Crawley, M.J. 1997 Plant—herbivore dynamics. In: M. J. CrawleyRlkaaht ecology
Blackwell Science.

Creswell, J.A., and C. Galen. 1991. Frequency-dependent selection and adaptive surfaces
for floral character combinations: pollinationRdlemonium viscosunifhe American
Naturalist.138(6): 1342—1353.

Cunningham, S.A. 2000. Depressed pollination in habitat fragments causes low fruit set.
Proceedings of the Royal Society2B7: 1149-1152.

Darwin, C. 18620n the Various Contrivances by Which British and Foreign Orchids
Are Fertilized John Murray.

Dell, D., T.H. Sparks and R.L.H. Dennis. 2005. Climate change and the effect of
Increasing spring temperatures on emergence dates of the bétpafiya iris
(Lepidoptera: Nymphalidaefturopean Journal of Entomolog¥02: 161-167.

Despres, L., S. Ibanez, A.M. Hemborg and B. Godelle. 2007. Geographical and within-
population variation in the globeflower-globeflower fly interaction: the coslds a
benefits of rearing pollinator’s larva@®ecologia.153: 69-79.

Dudash, M.R. 1990. Relative fitness of selfed and outcrossed progeny in a self-
compatible protandrous speci&abatia angularid.. (Gentianaceae): a comparison
in three environment&volution.44: 1129-1139.

93



Dudash, M.R. 1991. Plant size effects on female and male function in hermaphroditic
Sabatia angularigGentianaceaelEcology.72: 1004-1012.

Dudash, M.R., C. Hassler, P.M. Stevens and C.B. Fenster. 2011. Experimental floral
and inflorescence trait manipulations affect pollinator preference anddmata
hummingbird-pollinated planAmerican Journal of Botan®8(2): 275-282.

Dufay, M., and M.-C. Anstett. 2003. Conflicts between plants and pollinators that
reproduce within inflorescences: evolutionary variations on a theikes.100: 3—

14.

Ehrlen, J., S. Kack and J. Agren. 2002. Pollen limitation, seed predation and scape length
in Primula farinosa Oikos.97: 45-51.

Elzinga, J.A., and G. Bernasconi. 2009. Enhanced frugivory on invageree latifolia
in its native range due to increased ovipositlmurnal of Ecology97: 1010-1019.

Elzinga, J.A., J.A. Harvey and A. Biere. 2003. The effects of host weight at jsanasit
on fitness correlates of the gregarious koinobiont parasvtacbplitis tristis and
consequences for food consumption by its hdatlena bicruris Entomologia
Experimentalis et Applicatd.08: 95-106.

Elzinga, J.A., H. Turin, J.M.M. van Damme and A. Biere. 2005. Plant population size
and isolation affect herbivory &ilene latifoliaby the specialist herbivotdadena
bicruris and parasitism of the herbivore by parasitoi@scologia.144: 416-426.

Elzinga, J.A., S. van Nouhuys, D.-J. van Leeuwen and A. Biere. 2007a. Distribution and
colonisation ability of three parasitoids and their herbivorous host in a fragmented
landscapeBasic and Applied Ecologg: 75-88.

Elzinga, J.A., A. Atlan, A. Biere, L. Gigord, A.E. Weis and G. Bernasconi. 2007b. Time

94



after time: flowering phenology and biotic interactiofiends in Ecology and
Evolution 22(8): 432-439.

Erhardt, A., and H. Rusterholz. 1998. Do peacock butterfielis ioL.) detect and
prefer nectar amino acids and other nitrogenous compo@eisilogia.117: 536—

542.

Faegri, K., and L. van der Pijl. 197Rrinciples of Pollination EcologyPergamon Press.

Fagan, W.F., M. Lewis, M.G. Neubert, C. Aumann, J.L. Apple and J.G. Bishop. 2005.
When can herbivores slow or reverse the spread of an invading plant? A test case
from Mount St. HelensThe American Naturalisi.66: 669—685.

Fenster, C.B. 1991a. Gene floweiGhamaecrista fasciculatd.eguminosae) I. Gene
dispersalEvolution.45(2): 398—4009.

Fenster, C.B. 1991b. Gene flowerGhamaecrista fasciculat.eguminosae) Il. Gene
establishmeng&volution.45(2): 410-422.

Fenster, C.B. 1991c. Effect of male pollen donor and female seed parent on allocation of
resources to developing seeds and fru€mamaecrista fasciculatg.eguminosae).
American Journal of Botany8(1): 13—-23.

Fenster, C.B., W.S. Armbruster, P. Wilson, M.R. Dudash and J.D. Thomson. 2004.
Pollination syndromes and floral specializatidnnual Review of Ecology, Evolution
and Systematic85: 375-403.

Fenster, C.B., G. Cheely, M.R. Dudash and R.J. Reynolds. 2006. Nectar reward and
advertisement in hummingbird-pollinat&dene virginica(Caryophyllaceae).
American Journal of Botan@3(12): 1800-1807.

Forrest, J., and A.J. Miller-Rushing. 2010. Toward a synthetic understanding of the role

95



of phenology in ecology and evolutidPhilosophical Transactions of the Royal
Society, B365: 3101-3112. doi: 10.1098/rstb.2010.0145

Galen, C., and J. Cuba. 2001. Down the tube: pollinators, predators, and the evolution of
flower shape in the alpine skypil&®plemonium viscosurivolution.55(10): 1963—

1971.

Garcia, D., and N.P. Chacoff. 2007. Scale-dependent effects of habitat fragmentation on
hawthorn pollination, frugivory, and seed predatiGonservation Biology21: 400—

411.

Godsoe, W., J.B. Yoder, C.I. Smith and O. Pellmyr. 2008. Coevolution and divergence
in the Joshua tree/yucca moth mutuali$ime American Naturalisl71(6): 816—823.

Gomez, J.M., J. Bosch, F. Perfectti, J.D. Fernandez, M. Abdelaziz and J.P.M.
Camacho. 2008. Association between floral traits and rewaklysmum
mediohispanicuniBrassicaceaepnnals of Botanyl01: 1413-1420.

Groom, M.J. 2001. Consequences of subpopulation isolation for pollination, herbivory,
and population growth i€larkia concinna concinngOnagraceaeiological
Conservation100: 55-63.

Gunton, R.M., and W.E. Kunin. 2009. Density effects as multiple scales in an
experimental plant populatiodournal of Ecology95: 435-445.

Hagstrum, D.W., and B. Subramanyam. 2010. Immature insects: ecological roles of
mobility. American Entomologisg6: 230-241.

Harper, J.L. 1977P0opulation biology of plantsAcademic Press.

Harrington, R., I. Woiwod and T. Sparks. 1999. Climate change and trophic interactions.
Trends in Ecology and Evolutioh4(4): 146—150.

96



Harrison, R.D. 2001. Drought and the consequences of El Nino in Borneo: a case study
of figs. Population Ecology43: 63—75.

Hegland, S.J., A. Nielsen, A. Lazaro, A.-L. Bjerknes and O. Totland. 2009. How does
climate warming affect plant-pollinator interactioristology Letters12: 184—185.
doi: 10.1111/j.1461-0248.2008.01269.x

Herrera, C.M. 1998. Long-term dynamics of Mediterranean frugivorous birds ahg fle
fruits: a 12-year studycological Monographs68(4): 511-538.

Holland, J.N. 2002. Benefits and costs of mutualism: demographic consequences in a
pollinating seed—consumer interacti®noceedings of the Royal Society of London,
B. 269: 1405-1412.

Holland, J.N., and T.H. Fleming. 1999. Geographic and population variation in
pollinating seed-consuming interactions between senita taghocereus schojti
and senita mothdJpiga virescenps Oecologia.121: 405-410.

Holland, J.N., A.L. Buchanan and R. Loubeau. 2004. Oviposition choice and larval
survival of an obligately pollinating granivorous mdavolutionary Ecology
Research6: 607-618.

Hollander, M., and D.A. Wolfe. 1998lonparametric Statistical Method&™ ed. John
Wiley and Sons, Inc.

Hutchinson, M.F. 1995. Interpolating mean rainfall using thin plate smoothing splines.
International Journal of Geographical Information Systef{g): 385-403.

Irwin, R.E., and A.K. Brody. 2011. Additive effects of herbivory, nectar robbing and
seed predation on male and female fitness estimates of the hospphaapsis
aggregataOecologia.166: 681-692.

97



Jaenike, J. 1978. Optimal oviposition behavior in phytophagous in$&etsretical
Population Biologyl14: 350-356.

Jules, E.S., and B.J. Rathcke. 1999. Mechanisms of reduitladn recruitment along
edges of old-growth forest fragmen@onservation Biologyl3: 784—793.

Kearns, C.A., D.W. Inouye and N.M. Waser. 1998. Endangered mutualisms: the
conservation of plant-pollinator interactiodginual Review of Ecology and
Systematic29: 83-112.

Kephart, S., R.J. Reynolds, M.T. Rutter, C.B. Fenster and M.R. Dudash. 2006.
Pollination and seed predation by mothsSileneand allied Caryophyllaceae:
Evaluating a model system to study the evolution of mutualises. Phytologist.

169: 667—680.

Kery, M., D. Matthies and M. Fischer. 2001. The effect of plant population size on the
interactions between the rare pl&w#ntiana cruciatend its specialized herbivore
Maculinea rebeliJournal of Ecology89: 418-427.

Klank, C., A.R. Pluess and J. Ghazoul. 2010. Effects of population size on plant
reproduction and pollinator abundance in a specialized pollination syktamal of
Ecology.98: 1389-1397.

Knight, T.M., J.A. Steets, J.C. Vamosi, S.J. Mazer, M. Burd, D.R. Campbell, M.R.
Dudash, M.O. Johnston, R.J. Mitchell and T.-L. Ashman. 2005. Pollen limitation of
plant reproduction: pattern and proce&ssnual Review of Ecology, Evolution and
Systematics36: 467—-497.

Kolb, A., J. Ehrlen and O. Eriksson. 2007. Ecological and evolutionary consequences of
spatial and temporal variation in pre-dispersal seed predReospectives in Plant

98



Ecology, Evolution and Systematifs.79-100.

Kolb, A., and J. Ehrlen. 2010. Environmental context drives seed predator-mediated
selection on a floral display traivolutionary ecology24: 433—-445.

Kramer, A.M., B. Dennis, A.M. Leibhold and J.M. Drake. 2009. The evidence for Allee
effects.Population Ecology51: 341-354.

Krupnick, G.A., G. Avila, K.M. Brown and A.G. Stephenson. 2000. Effects of
herbivory on internal ethylene production and sex expressiéogaorbita texana
Functional Ecologyl14(2): 215-225.

Kudoh, H., and D.F. Whigham. 1998. The effect of petal size manipulation on
pollinator/seed-predator mediated female reproductive succeskistus
moscheutasOecologia.117: 70-79.

Kunin, W.E. 1997. Population biology and rarity: on the complexity of density
dependence in insect-plant interactions. In: W.E. Kunin and K.J. Gastoitheds.
biology of rarity: causes and consequences of rare-common differélizasman
and Hall.

Law, R., J.L. Bronstein and R. Ferriere. 2001. On mutualists and exploiters: plaht-insec
coevolution in pollinating seed-parasite systedosirnal of Theoretical Biology212:
373-389.

Louda, S.M. 1982. Distribution ecology: variation in plant recruitment over a gradient in
relation to insect seed predati&tological Monographss2: 25-41.

McCauley, D.E. 1997. The relative contributions of seed and pollen movement to the
local genetic structure &ilene albaJournal of Heredity88: 257—263.

Metcalfe, D.B., and W.E. Kunin. 2006. The effects of plant density upon pollination

99



success, reproductive effort and fruit parasitisi@istus landanifei.. (Cistaceae).
Plant Ecology185: 41-47.

Miller, T.E.X., S.M. Louda, K.A. Rose and J.O. Eckberg. 2009. Impacts of insect
herbivory on cactus population dynamics: experimental demography across an
environmental gradienEcological Monographsz9: 155-172.

Miller-Rushing, A.J., T.T. Hoye, D.W. Inouye and E. Post. 2010. The effects of
phenological mismatches on demogragPlyilosophical Transactions of the Royal
Society, B365: 3177-3186. doi: 10.1098/rsth.2010.0148

Moeller, D.A. 2005. Pollinator community structure and sources of spatial variation in
plant-pollinator interactions i€larkia xantianassp.xantiana Oecologia.142: 28—

37.

Nattero, J., A.A. Cocucci and R. Medel. 2010. Pollinator-mediated selection in a
specialized pollination system: matches and mismatches across populatiznal
of Evolutionary Biology23: 1957-1968.

Nowicki , P., M. Witek, P. Skorka and M. Woyciechowski. 2005. Oviposition patterns in
the myrmecophilous butterfiMaculinea alcorDenis & Schiffermuller (Lepidoptera:
Lycaenidae) in relation to characteristics of foodplants and presencelufsts.

Polish Journal of Ecologyb3(3): 409-417.

Nozawa, A., and T. Ohgushi. 2002. Shoot characteristics affect oviposition preference of
the willow spittlebugAphrophora pectoraligHomoptera: Aphrophoridaehnnals of
the Entomological Society of Ameri@h(5): 552-557.

Ollerton, J., and A.J. Lack. 1992. Flowering phenology: an example of relaxation of
natural selectionPrends in Ecology and Evolutio(8): 274-276.

100



Parachnowitsch, A. L., and C. M. Caruso. 2008. Predisperal seed herbivores, not
pollinators, exert selection on floral traits via female fitnEsslogy.89(7): 1802—
1810.

Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change
impacts across natural systemature 421: 37-42.

Pellmyr, O. 2003. Yuccas, yucca moths, and coevolution: a rexemals of the
Missouri Botanical Garderf0: 35-55.

Pellmyr, O., and J. N. Thompson. 1992. Multiple occurrences of mutualism in the yucca
moth lineageProceedings of the National Academy of Scier@@s2927-2929.

Pellmyr, O., J. N. Thompson, J. M. Brown and R. G. Harrison. 1996. Evolution of
pollination and mutualism in the yucca moth linealgee American Naturalist.

148(5): 827-847.

Pettersson, M.W. 1991. Flower herbivory and seed predatiditeine vulgaris
(Caryophyllaceae): effects of pollination and phenoldétptarctic Ecology 14: 45—

50.

Pilson, D. 2000. Herbivory and natural selection on flowering phenology in wild
sunflower Helianthus annuusDecologia.122: 72—-82.

Price, P. W., C. E. Bouton, P. Gross, B. A. McPheron, J. N. Thompson and A. E. Weis.
1980. Interactions among three trophic levels: influence of plants on interactions
between insect herbivores and natural enerAi@sual Review of Ecology and
Systematicsll: 41-65.

Price, D.T., D.W. MeKenney, I.A. Nalder, M.F. Hutchinson and J.L. Kesteven. 2000. A
comparison of two statistical methods for spatial interpolation of Canadiamigont

101



mean climate dat#gricultural and Forest Meteorologyl01: 81-94.

Pyke, G. H., H. R. Pulliam and E. L. Charnov. 1977. Optimal foraging: a selective
review of theory and test§he Quarterly Review of Biology2(2): 137-154.

Rand, T.A. 2002. Variation in insect herbivory across a salt marsh tidal gradient
influences plant survival and distributidbecologia.132: 549-558.

Rathcke, B., and E.P. Lacey. 1985. Phenological patterns of terrestrial Atamisl
Review of Ecology and Systematits: 179-214.

Rey, P. J., C. M. Herrera, J. Guitian, X. Cerda, A. M. Sanchez-Lafuente, M. Medrano,
and J. L. Garrido. 2006. The geographic mosaic in predispersal interactions and
selection orHelleborus foetidugRanunculaceaejJournal of Evolutionary Biology.
19: 21-34.

Reynolds, R. J. 200@ollinator specialization and the evolution of pollination
syndromes in the relatekilene, S. caroliniana, S. virginicandsS. stellata.
Dissertation. University of Maryland. http://hdl.handle.net/1903/8466

Reynolds, R.J., and C.B. Fenster. 2008. Point and interval estimation of pollinator
importance: a study using pollination datebdéne carolinianaOecologia.156:
325-332.

Reynolds, R.J., M.J. Westbrook, A.S. Rhode, J.M. Cridland, C.B. Fenster and M.R.
Dudash. 2009. Pollinator specialization and pollination syndromes of three related
North AmericarSilene Ecology.90: 2077—-2087.

Reynolds, R.J., M.R. Dudash and C.B. Fenster. 2010. Multiyear study of multivariate
linear and nonlinear phenotypic selection on floral traits of hummingbird-peltinat
Silene virginicaEvolution.64(2): 358—369.

102



Reynolds, R.J., A.A.R. Kula, C.B. Fenster and M.R. Dudash. 2012. Variable nursery
pollinator importance and its effect on plant reproductive sucOesmlogia.168:
439-448. doi: 10.1007/s00442-011-2095-9.

Richards, C.M., S. Church and D.E. McCauley. 1999. The influence of population size
and isolation on gene flow by pollen$ilene albaEvolution.53: 63-73.

Russell, F.L., and S.M. Louda. 2004. Phenological synchrony affects interactioihstreng
of an exotic weevil with Platte thistle, a native host pl@aicologia 139: 525-534.
doi: 10.1007/s00442-004-1543-1

Russell, F.L., and S.M. Louda. 2005. Indirect interaction between two native thistles
mediated by an invasive exotic floral herbivadecologia 146: 373—384.

Schulke, B., and N.M. Waser. 2001. Long-distance pollinator flights and pollen dispersal
between populations d@ielphinium nuttallianumOecologia.127: 239-245.

Singer, M.C., and C. Parmesan. 2010. Phenological asynchrony between herbivorous
insects and their hosts: signal of climate change or pre-existing\asiptitegy?
Philosophical Transactions of the Royal Society3&b5: 3161-3176. doi:
10.1098/rsth.2010.0144

Sokal, R. R., and F. J. Rohlf. 19%ometry: The principles and practice of statistics in
biological research3rd ed. W. H. Freeman.

Sprengel C. K. 179®as entdeckte Geheimniss der Natur im Bau und in der
Befruchtung der BlumeNieweg.

Stebbins, G.L. 1970. Adaptive radiation of reproductive characteristics in angigsperm
l. Pollination mechanism#&nnual Review of Ecology and Systematic807-326.

Stephens, P.A., W.J. Sutherland and R.P. Freckleton. 1999. What is the Allee effect?

103



Oikos.87: 185-190.

Strauss, S.Y., and J.B. Whittall. 2006. Non-pollinator agents of selection on floral traits
In: L. D. Harder and S. C. H. Barrett, efisology and Evolution of Flower®xford
University Press.

Tauber, C.A., and M.J. Tauber. 1981. Insect season cycles: genetics and evolution.
Annual Review of Ecology and Systematl@ 218-308.

Thackeray, S.J., T.H. Sparks, M. Frederiksen, S. Burthe, P.J. Bacon, J.R. Bell, M.S.
Botham, T.M. Brereton, P.W. Bright, L. Carvalo, T. Clutton-Brock, A. Dawson, M.
Edwards, J.M. Elliott, R. Harrington, D. Johns, I.D. Jones, J.T. Jones, D.I. Leech,
D.B. Roy, W.A. Scott, M. Smith, R.J. Smithers, 1.J. Winfield and S. Wanless. 2010.
Trophic level asynchrony in rates of phenological change for marinewie=hand
terrestrial environment§lobal Change Biologyl6: 3304—-3313. doi:
10.1111/1.1365-2486.2010.02165.x

Thompson, J.N. 198&volutionary ecology of the relationship between oviposition
preference and performance of offspring in phytophagous inggxttsnologica
experimentalis et applicatd.7: 3—14.

Thompson, J.N. 1999. Coevolution and escalation: are ongoing coevolutionary
meanderings importanThe American Naturalistt53: S92—S93.

Thompson, J.N., and B.M. Cunningham. 2002. Geographic structure and dynamics of
coevolutionary selectioMNature.417: 735-738.

Thompson, J.N., and C.C. Fernandez. 2006. Temporal dynamics of antagonism and
mutualism in a geographically variable plant-insect interackonlogy.87: 103—

112.

104



Thompson, J. N., and O. Pellmyr. 1992. Mutualism with pollinating seed parasites amid
co-pollinators: constraints on specializatifcology.73: 1780-1791.

Thompson, J.N., A.-L. Laine and J.F. Thompson. 2010. Retention of mutualism in a
geographically diverging interactioRcology Letters210: 1368—-1377.

Thomson, J. 2003. When is it mutualisArderican Naturalist162: S1-S9.

van Asch, M., and M.E. Visser. 2007. Phenology of forest caterpillars and their host
trees: the importance of synchrodynnual Review of Entomology2: 37-55.

Visser, M.E., and C. Both. 2005. Shifts in phenology due to global climate change: the
need for a yardsticlhilosophical Transactions of the Royal Society2’ B: 2561—
2569.

Wehling, W., and J.N. Thompson. 1997. Evolutionary conservatism of oviposition
preference in a widespread polyphagous insect herbivaplio zelicaon
Oecologia.111: 209-215.

Westerbergh, A. 2004. An interaction between a specialized seed predator moth and its
dioecious host plant shifting from parasitism to mutuali®ikos.105: 564-574.

Wiebes, J.T. 1979. Co-evolution of figs and their insect pollinatgnsual Review of
Ecology and SystematicE): 1-12.

Wilson, K. G., R. E. Stinner and R. L. Rabb. 1982. Effects of temperature, relative
humidity, and host plant on larval survival of the Mexican bean bégdichan
varivestisMulsant.Environmental Entomology.1(1): 121-126.

Zimmerman, M., and A. K. Brody. 1998. Choices and consequences of oviposition by
Hylemya Delia sp. (Diptera: Anthomyiidaejournal of Insect BehaviofL1(3): 371—
381.

105



