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ABSRTRACT

EVOLUTIONARY AND CHEMICAL ECOLOGY OFVERBASCUM THAPSUS

REVEAL POTENTIAL MECHANISMS OF INVASION

Biological invasions, which occur when introducgxkcies achieve pest status
due to dramatic increases in performance, caustattal environmental and
economic damage. Invasion dynamics are extremehptx, varying in space and
time, and as a function of the associations tham foetween introduced species and
the biota present in the communities they invade.pgrants, herbivores play a central
role in shaping the outcome of introduction evelmtgarticular, when plants are
introduced to novel ranges, they often leave beboelolved specialist herbivores
(typically insects) that act to suppress populaionthe native range. This can lead to
increases in plant performance, for example whendaced plants evolving in
communities devoid of enemies reallocate resouroes defenses to growth and
reproduction.

Because of the important biological associatioas éxist between plants and
insect herbivores, as well as the dramatic smfthése associations that characterize
biological invasions, this research places a pagicemphasis on the evolutionary
and chemical ecology of plant-insect interactidvisre broadly, this research

guantifies several aspects of the invasion dynaofitise introduced weed



Verbascum thapsus (Scrophulariaceae, common mullein). | firstg@et data from
a biogeographic comparison in which a survey ofertban 50 native (European) and
introduced (United States) mullein populations aom§ a marked increase in
population- and plant-level performance in theadtrced range. | also document
several ecological differences between rangesjdiad) shifts in the abundance,
identity, and degree of damage caused by insebtvoges, as well as differences in
the abundance and identity of plant competitorsedipitation availability.

A greenhouse experiment revealed that the incrgasddrmance observed in
the field is maintained when native and introdupkhts are grown from seed in a
common environment; thus, a component of the pedoice phenotype is genetically
based, or evolved. However, this increase in pevéoice is not associated with an
evolved decrease in defense investment as predgtdteevolution of increased
competitive abilitf EICA) hypothesis. Indeed, despite significantylapon-level
variation in several defenses (trichomes, leaf hmegs and iridoid glycosides), there
is no evidence for the evolution of range-levefaténces in defense investment.

| further explored how mullein’s investment in cheat defense varies in
natural populations and in relationship to damagehewing herbivores. Based on
this exploration, | developed new predictions fomchanges to defense allocation
may result in increased performance. Natural mulbeipulations exposed to ambient
levels of herbivory in the introduced range exhdignificant population- and plant-
level variation in iridoid glycosides. In particulgoung (highly valuable) leaves are
more than 8 better defended than old leaves, and likely beeaf this incur

minimal damage from generalist herbivores. Thetbohiability of generalists to feed



on mullein’s well-defended young leaves resultaegligible losses of high-quality
tissue, suggesting a mechanism for mullein’s ireedgerformance in North
America. Indeed, the within-plant distribution atibid glycosides significantly
differs between native and introduced plants expposehe different insect
communities present in each range. Importantlypthiced mullein invests
significantly more in the chemical defense of valeayoung leaves than does native
mullein, which leads to a dramatic reduction in aftack of young leaves in the
introduced range relative to the native range. dptimization of within-plant
investment in defense reflects the fact that intoedl mullein has been released from
the evolutionary dilemma posed by simultaneoushity specialist and generalist
herbivores (with specialists often being attrattethe same chemicals used to deter
generalists from feeding, resulting in stabilizsejection on defense levels). In
summary, this research provides evidence for a @fiarimcrease in the performance
of introduced common mullein that is associatedh\wéveral ecological differences
between ranges as well as potentially adaptivessimfmullein’s chemical defense

investment under natural conditions.
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PREFACE*

Biological invasions represent one of the mostdrtgmt phenomena to result
from the advent of globalized trade and commerbe. Auman-mediated transport of
plant and animal species beyond their historic earftas had several unforeseen
consequences ranging from the extirpation of napexies, to altered fire and
hydrologic regimes, to a general homogenizatiogpeities and attendant loss of
biodiversity. Because of their pronounced effeceoasystem structure and function,
as well as their value for studying the evolutignacology of novel interactions
among species, biological invasions have drawmsdenterest from the research
community. However, despite many years of scientifquiry, it remains difficult to
generalize about the causes of invasion or to gréae outcome of a given
introduction event. My goal with this dissertatigrto continue building an
understanding of the patterns and mechanisms of pigasions by evaluating the
evolutionary and chemical ecology of the introdusestdVerbascum thapsus
(Scrophulariaceae, common mullein). This resealabeg a particular emphasis on
plant-insect interactions, which have importantlicgtions for plant performance,
and by extension, invasion success.

There are numerous hypothesized mechanisms ofivevbshavior, which is
characterized by a pronounced increase in the peafoce of a species following its
introduction to a new area. Several hypotheses tiegiaggressive invaders have
traits that intrinsically predispose them to suckcédering introduction events, for

example by producing many offspring or effectiveympeting for resources in

vii



disturbed environments. It is also hypothesizet ék&rinsic factors mediate invasion
by imposing “top down” or “bottom up” control ovpopulation dynamics. In plants,
top down control is often attributable to herbivetbat reduce plant performance via
their feeding activities. Conversely, bottom up tcohresults from competitive
interactions between plants for water, light, spacel nutrients. Invasive populations
often exhibit some sort of release from one or s\ these controls following their
introduction, for example by escaping from co-eeal\herbivores or colonizing areas
with few or poor competitors. In addition to thesgious biotic interactions, plant
populations are regulated by abiotic factors siscpracipitation and temperature, and
invasions may occur when a species is fortuitoughpduced to an area with a
benign climate. In reality, some combination ofsiaéactors likely interacts to
produce aggressive invaders. However, despitedtenpal for invasive species to
cause pronounced economic and ecological harshliei case that relatively few
introduction events actually produce aggressivadevs. To understand why a
handful of species become invasive, it is necegsaligk differences in the
performance of native and introduced populationsbt®erved shifts in a species’
ecology following its introduction.

Chapter 1 of this dissertation presents a bioggdgracomparison of the
performance and ecology of native (European) atrddnced (North American)
mullein populations. In particular, | evaluated wier introduced mullein
populations and individuals perform better thanrthative counterparts and assessed
whether changes in performance are associatedeadtpe from natural enemies

(insect herbivores) and differences in resourcéatbidity (i.e., precipitation and bare
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ground) and competition between ranges. Thedhapter thus describes patterns
associated with invasion, which is the criticasffistep in elucidating which
mechanisms underlie the observed patterns.

The second chapter provides an experimental congieta the
biogeographic comparison, which revealed that thiced mullein indeed performs
better than its native counterparts, and thatititisease in performance is associated
with mullein’s escape from several herbivores. Smadly, Chapter 2 presents the
results of a greenhouse experiment designed tevtesther mullein’s increased
performance is explained by an evolutionary (genetiift in the way it allocates
limited resources to growth (an aspect of compretigibility) versus defense against
herbivory. For invasive plants, escape from enemiag alter the selection regime
such that particular defenses are no longer unakgtiye selection, and in fact may
be under negative selection if their productiorunsca fitness cost. In particular, if
introduced plants are predominantly attacked byeg@ist insects, then qualitative
defenses (i.e. toxins) that deter generalists shioellmaintained in the new range. In
contrast, quantitative defenses (i.e., structuefdmses and/or digestibility-reducing
chemicals), which are effective against both spistsaand generalists, but are
typically costly to produce, should decrease. Resyincreases in growth are then
realized due to the shift in allocation from relaty costly quantitative defenses to
less costly qualitative defenses. For mullein,dkpectation is that qualitative
defenses (iridoid glycosides) will be maintainecwen increase in the introduced
range, while quantitative defenses (trichomes aatitbughness) will decrease,

thereby leading to an associated increase in growth



Chapter 3 describes population and within-plamtation in mullein’s
defensive chemistry against insect herbivores undeiral conditions, and in
relationship to attack by chewing herbivores. Titithe first work to explore the
chemical ecology of the iridoid glycosides aucudnal catalpol in mullein, and
represents one of only a few studies to link pat@f defense investment to patterns
of herbivory in wild populations of an invasive ptaln addition to describing how
iridoids shape introduced mullein’s ecological mtgions with insect herbivores, this
chapter provides a test of optimal defense thelmis theory predicts that costly
defenses are optimally deployed in plants basel) ¢ine value of particular tissues to
the plant and 2) the probability that differensties would be attacked by herbivores
in the absence of defense. Here, | evaluated whgtheng leaves are better defended
than old leaves, which is expected based upon gheater potential lifetime
contribution to fitness via photosynthesis andrthegh nitrogen content (Harper
1989). If young (valuable) leaves are highly defmhdnd in turn sustain minimal
attack from generalist herbivores (which cannotroeme chemical defenses to the
extent that specialists present in the native raagg, it suggests a mechanism for
increased plant performance.

Chapter 4 further examines how optimal defenserthexght be applied
within the novel context of invasions by companwighin-plant variation in defenses
in native and introduced mullein populations. Ingas provide an excellent system
to explore how defense investment changes in regptanshifts in the identity of
herbivores attacking plants in their introducedyes) Generalists, which are not

tightly coevolved with the many hosts upon whiceytlieed, are often effectively



deterred by chemical defenses. In contrast, maayateed specialists are undeterred
by these same chemicals, and in fact use themipssiton cues and feeding
stimulants. This imposes an “evolutionary dilemrbatause generalists and
specialists exert opposing selection pressure amt pivestment in chemical defense.
Thus a key combined prediction of optimal defets®ty and the evolutionary
dilemma model is that defense levels of young dddeaves should track the relative
importance of specialist and generalist herbivardee community. Accordingly, if
specialists dominate, defenses that they userastaits should be selected against,
while if generalists dominate, those same defesisesld be selected for. The
predicted result is that plants growing in theadirced range will be released from
stabilizing selection on defenses, allowing therhigihly defend young, valuable
leaves against generalist herbivores. If thisésddse, it provides a mechanism by
which introduced plants may exhibit fithess gaimshieir new range, not by
increasing or decreasing overall investment inmkdgas is often hypothesized), but
simply by optimizing the distribution of defensesrelationship to the value of

different plant tissues.

*References associated with the statements maithe ipreface can be found

throughout the subsequent research chapters.
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CHAPTER 1

A BIOGEOGRAPHIC COMPARISON OWERBASCUM THAPSUSCOLOGY
REVEALS DIFFERENCES IN PERFORMANCE, HERBIVORY, AND

SURROUNDING PLANT COMMUNITY



OVERVIEW
It is often assumed that introduced individualpopulations perform better than
their native counterparts. However, there areikalht few biogeographic
comparisons that evaluate differences in the perdoce and ecology of populations
in their native and introduced ranges. It thus riesdifficult to gauge whether the
assumption of increased performance generally halu$if so, to attribute such
increases to ecological differences between raMyedested the assumption that
performance of introduced populations is highenttiet of native populations using
Verbascum thapsy$crophulariaceae, common mullein), an introdugedd in
North America. We further evaluated evidence faape from natural enemies, and
assessed whether resource availability (i.e., pitation and bare ground) and co-
occurring vegetation differ between ranges. Intostl(western U.S.) mullein
outperforms native (European) mullein at both thpytation (stand density and size)
and individual (leaf number) scales. Introducedsdave escaped from several
herbivore guilds, but two guilds (a specialistplsrand grasshoppers) are more
prevalent on introduced plants. Despite this, shiced plants incur less chewing
damage than natives. There are also pronouncextefitfes in precipitation, bare
ground, and the abundance and identity of vegetaiiat co-occurs with mullein in
each range. In particular, while water appeargiigito mullein in the western U.S.
portion of its introduced range, it is less limgithan the higher abundance of
vegetation with which it co-occurs in its nativege. These data suggest that the
increased performance of introduced mullein is @ssed with both enemy escape

and a shift in the precipitation regime that letxla reduction in potential



competitors. Such data highlight the need to desigpsequent experiments that test

multiple alternative hypotheses to explain invasiebavior in introduced plants.



INTRODUCTION

A fundamental assumption of research on biologioasions is that
introduced individuals or populations actually jpeni better than their native
counterparts, i.e., that they are indeed ‘invasfiifbauer and Torchin 2007). While
this is likely to be the case for extremely probédim species such as the red imported
fire ant Solenopsis invicheor cheatgrasBfomus tectorum there are currently
relatively few biogeographic data from natural plagions to determine whether this
assumption generally holds (Hierro et al. 2005)ekd, recent work by Firn et al.
(2011) comparing native and introduced populatmirgpecies that are not
particularly problematic invaders showed that aaldrcange of patterns exist,
including introduced populations performing betgmilarly, or worse than native
populations. Such variability highlights the lonckaowledged uncertainty associated
with the potential outcomes of introduction evefislliamson and Fitter 1996, Mack
et al. 2000). One way to minimize this uncertaistio link comparisons of
performance with measurements of how the biotialootic environment differs
between ranges (e.g., Ebeling et al. 2008, Crippt €010). By doing so, we can
increase our understanding of which factors couteitbo invasive behavior when it
does exist.

Despite the acknowledged system-specific varighiitmechanisms that
underlie invasion (Gilpin 1990, Lodge 1993), a gimoywody of research reveals that
shifts in interactions with higher trophic levelsdaavailability of resources (along
with its inverse, the strength of competitive iafeions) often regulate patterns of

invasion (Mack et al. 2000, Maron and Vila 2001e&khnd Chesson 2002,



Theoharides and Dukes 2007). In particular, theevidence that introduced
populations benefit from two main changes in tle@vironment. First, they often
experience release from top-down population reguigenemy release; Elton 1958,
Keane and Crawley 2002) and second, they take saty@of resource-rich sites
(Hobbs and Huenneke 1992, Burke and Grime, 1998isl24 al. 2000) or sites with
few competitors (areas with low biotic resistariceyine 2004).

Enemy release occurs when introduced populatiscape from natural
enemies, particularly co-evolved specialists, whiicturn ‘releases’ them from top-
down suppression (Elton 1958, Keane and CrawlepR0herefore, a first step in
determining whether enemy release is a viable nmesimaof invasion is to document
natural enemy communities and levels of attack@atsd with populations in each
range. Indeed, there is strong evidence that eresTgpe is common across taxa
(e.g., Memmott et al. 2000, Wolfe 2002, Torchirale2003, Torchin and Mitchell
2004, Norghauer et al. 2011). However, patterreneiny escape are not simple. In
plants, the focus of our research, introduced piprs often escape specialist
herbivores, but may still be limited by generali@iller-Scharer et al. 2004; Parker
et al. 2006). Because data on the composition @ingrcommunitieand
performance across both native and introduced ptipak are scant (but see Wolfe
2002, Vila et al. 2005, Ebeling et al. 2008, Crippsal. 2010), the degree to which
escape (or a shift from specialists to generalistéhked to invasiveness remains
unclear.

A number of studies have indirectly evaluated enesigase by measuring

evolutionary shifts in herbivore defense phenotygfasative and introduced



populations (e.g., tests of theolution of increased competitive abili[sICA|
hypothesis, Blossey and Né6tzold 1995). The expectat that introduced
populations will be less well defended than nativesause selection should favor the
loss of costly defenses under herbivore-free (teadt depauperate) conditions. The
results of such experiments show a range of ewwluti defense phenotypes,
including the expected decrease in defense invest{B&emann and Rogers 2001,
Blair and Wolfe 2004), no change (Genton et al.52@@ull-Sanders et al. 2007), and
actual increases in some defenses (Joshi andngi2005, Ridenour et al. 2008).

Enemy exclusion experiments also reveal that ttemgth of top-down
regulation ranges from strong to weak dependinthersystem (DeWalt et al. 2004,
Lewis et al. 2006, Franks et al. 2008, Williamsle2010). For example, DeWalt et
al. (2004) confirmed that the expansiorGddemia hirtaL. (Melastomataceae) into
forest understories in its introduced range of Haisdacilitated by its release from
both pathogens and herbivores. In contrast, Wiliatnal. (2010) found that
excluding enemies made only a minor contributiomtweased growth rates)(in
introduced populations @ynoglossum officinalke. (Boraginaceae) relative to the
much larger effect of increased resource availgbili

As highlighted by the findings of Williams et §010), a second main factor
that can strongly shape invasion dynamics is resoavailability. For example, the
invasive status of some species can be explaingalysby their introduction to a
particularly benign environment, without needingrteoke explanations based on
enemy release (e.g., Cripps et al. 2010). Additlgntoere is strong evidence that

disturbances such as fire and flooding promotesioraby adding resources, often in



the form of space or nutrients, to a system (8avis et al. 2000, Hierro et al. 2006,
Fornwalt et al. 2011). Conversely, competition froatives, especially in diverse and
functionally intact communities, can create bigésistance to invasions (Levine
2000, Corbin and D’Antonio 2004, Levine et al. 20Boper and Dukes 2010).
However, while there are many studies that dematesthe importance of resource
availability in facilitating or suppressing the exgsion of introduced populations, the
critical data on range-level differences in reseuagailability are only just beginning
to come to light (e.g., Bastlovad-Hanzélyova 200iertd et al. 2006, Cripps 2010,
Williams et al. 2010).

This research has three goals. First, we testdhenaption that performance
of introduced populations is higher than that dfveapopulations using the
herbaceous planterbascum thapsus (Scrophulariaceae, common mullein). This
plant is considered troublesome in specific halyja¢s (Fornwalt et al. 2010), but
generally is not thought of as one of the most lamolatic invaders (Gross and
Werner 1978, Gross 1980, Reinartz 1984). Furthezmbhas a weedy habit in its
native range. Thus it was not apparent from theeswhether performance would be
higher, comparable, or lower in the introduced earejative to the native range.
Second, we evaluate evidence for escape from na&oeanies and a shift in the
community of enemies (which we predicted would erdominated by generalists
in the introduced relative to the native range)rd;hwe assess whether resource
availability (in particular precipitation and spaead vegetative cover (as a proxy for
competition) differ between ranges and evaluate th@y are related to population

performance in each range.



METHODS

Study system

Common mullein is a (typically) biennial forb natito Eurasia. It was
repeatedly introduced to North America, first ie t600s by Puritan settlers who
planted it in their herb gardens because of itsioneal properties, and later by
English and German settlers in Appalachia forfitsotiveness as a piscicide
(Wilhelm 1974, Gross and Werner 1978, Mitich 1988)llein’s well-documented
ethnobotanical history and the timing of its inwessupports the contention that
Europe was the source of the introduction, as tivere few trade connections
between Asia and the U.S. in thé"i&ntury (Gumport and Smith 2006). Mullein
populations now occur in several Canadian proviacesall 50 U.S. states, with
noxious status in Colorado, Hawaii, and South Dakot

Mullein recruits exclusively from seed followingragpy-clearing
disturbances and, in the introduced range, likelyrdsses recruitment by co-
occurring natives in early-seral communities (Ritc2000, Alba pers. obs.). It
typically grows in open sites with dry, sandy sd®oss and Werner 1978), but it
has wide climatic tolerances, enabling it to invadgh-elevation communities in
California (Parker et al. 2003) and Hawaii (Ansard Daehler 2010). Although
mullein is widespread and locally common, it infuegtly dominates sites for long
periods and thus is not often considered a managepnierity. Nonetheless, large
and dense infestations can persist for multipleeggions in the introduced range,
especially following fire (Fornwalt et al. 2010) iorareas subject to chronic

disturbance (Alba, pers. obs.).



The few available data suggest that mullein escapgdte of specialist
herbivores upon introduction to North America. Tdexlude up to 8 species of
weevil (Popov 1972, Gross and Werner 1978) thategyerted from part of the native
range (Poland) and the leaf-feeding larva€ofullia verbascL. (Noctuidae) (Maw
1980). However, it is still attacked by a spectalsips Haplothrips verbasci
Osborn) and seed-feeding weeRhjnusa tetra=abricius), which were co-introduced
to the new range. It is unclear whether introdurediein has partially escaped from
the co-introduced thrips and weevil in terms ofrtdundance (as has been reported
in other systems; Memmott et al. 2000, Wolfe 2002).

In a previous test of thevolution of increased competitive abil{§ICA)
hypothesis, we found that although introduced niulias evolved to be larger,
investment in both chemical and structural defettss not significantly differ
between ranges (Alba et al. 2011). The currentdmggaphic comparison provides
the opportunity to more fully evaluate alternatiwgotheses to explain these patterns

(see Discussion).

Sampling design

We sampled 51 populations (21 in the native ramge3® in the introduced
range) to estimate stand size; plant size (humbleawes and diameter); damage to
plants by chewing herbivores; the proportion ohpdahosting several insect groups;
and bare ground and plant cover (a proxy for coiipe} adjacent to mullein plants.
We also included an additional 5 populations frowa native range (FR1, FR2, FRS3,

FR4, FR5) in the estimate of population densityb{&d). It was not feasible to



randomly sample from the entire native and intredlianges of this widespread
species. In the introduced range our sampling fedtws several states spanning a
north-to-south gradient in the western U.S., asdlte thus pertain to this broad
region. Within the native Eurasian range, we fodus® Europe rather than Asia to
encompass the likely provenance of introductionliféfm 1974, Gross and Werner
1978, Mitich 1989). We further aimed to captureidenange of habitats and climatic
conditions by sampling broadly across Europe (Taple

All populations were sampled during the 2010 grayseason. Populations
were defined as discrete stands located at least dway from adjacent stands, with
the exception of Sweden, where the 4 sampled poputawere spaced along a trail
that was approximately 3 km in length. We aimedample 20 plants per population,
although due to time and weather constraints @nntroduced range) and small
population sizes (in the native range), this wasah@ays possible (Table 1). We
sampled low-latitude populations in the introducadge (Utah and Colorado) from
22 May to 3 June; all European populations werepsaginfrom 11 June to 2 July;
higher latitude populations in the introduced raf\yoming, Montana, ldaho) were
sampled from 15 July to 28 July. Some populatioasavin the rosette stage, while
others were bolting. The two phenological stageeweenly distributed across
sampled populations (native range: n = 10 rosé&digesn = 11 bolting stage;
introduced range: n = 12 rosette stage, n = 18ngodtage). Differences in
phenology did not qualitatively affect the modetaumes for any response variable

(seeStatistical analysis
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Sampling protocol
Mullein performance

We estimated two metrics of population performafpogulation size and
plant density) and two metrics of plant performafmagmber of leaves and plant
diameter). To delineate population size, we assigraeh stand to one of the
following categories: < 20 plants, 21-100 plan®&1-b00 plants, or > 500 plants. To
estimate population density, we ran 1 or 2 trarsstcbugh the longest extent of the
population. The size of the patch determined thrabrar (1 or 2) and length (5 to 20
m) of transects required to provide adequate cgeeohthe population. The length of
each transect was walked and all plants fallingpiwil. m of each side were counted.
In two cases (populations P1 and WY2), plants wsereew and widespread as to
make transects unfeasible. For these, we coungtbtal number of plants in the area
and made a conservative visual estimate of thénmare. We selected target plants
for leaf counts and measurements of diameter lowihig a pen in the air and
following the direction of the pen tip until we liite closest mullein individual (we
walked a minimum of 2 m when populations were |la¥geugh to accommodate
this). These same plants were used to measure beytand adjacent plant cover

(detailed below)

Presence of insects and herbivore damage
For each plant, we documented the presence ofaensect groups including
caterpillars, snails, leafhoppers, aphids, weegilasshoppers, and thrips. We also

collected specimens of each group for later ideatiion. To estimate chewing
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damage, we used the following scoring system (&ievris et al. 2006): 0 = no
damage; 1 = minimal damage with no more than ab#uof any leaf damaged; 2 =
minimal damage plus some leaves with 5-10% dantagel0-50% damage on
multiple leaves, but fewer than half of all leaadfected; 4 = at least half of all leaves

with 10-50% damage, and multiple leaves with mbeant50% damage.

Precipitation, bare ground, and vegetation

We gathered long-term annual precipitation datafigpopulations to a)
explore the relationship between precipitation pagulation performance in each
range and b) to include in our assessment of fleetefof co-occurring vegetation on
mullein performance (see next paragraph). Datadtive populations was obtained
from Weatherbase (http://www.weatherbase.com/)datd for introduced
populations was gathered from the Western RegiChadate Center
(http://www.wrcc.dri.edu/). We searched for thesdst weather stations using each
population’s GPS coordinates.

To estimate differences in bare ground and plantraunity composition
between ranges, we placed a Daubenmire frame lgigjacent to each plant in the
north and south directions and estimated the cofveare ground, forbs, grasses,
shrubs, mosses, rocks, and litter to the nearespfrcent. We also used cover
measurements to estimate the effect of bare grandglant cover on mullein

population performance in each range.
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Statistical analysis
Mullein performance

We used SAS (v. 9.1, SAS Institute, Cary NC) fbstatistical analyses. To
test whether native and introduced populationgdiff density, leaf number, and
plant diameter we used analysis of variance. Thgnad models included continent
as a fixed effect and latitude and phenology asgates. We dropped phenology
from all the models because it did not contribota significant amount of variation
in the response variables. We retained latitudg famlthe plant density model, as it
explained a marginally significant proportion oéthariation P = 0.09) and lowered
the model AIC value (cf. Colautti et al. 2009 fodiacussion of the importance of
accounting for latitudinal clines in biogeograpbamparisons). Density and diameter
were square root transformed to improve normality Bomogeneity of variance.

To determine whether the frequency of mullein papahs belonging to each
of four size categories (< 20 plants, 21-100 plah@4-500 plants, or > 500 plants)
significantly differed, we performed a Chi-squagsttof independence using the
frequency procedure with the chi square option.ifgkided phenological stage, i.e.,
rosette or bolting, in the table construction tatcol for variation due to life stage
(however, the results were qualitatively similagagdless of the inclusion of

phenology).

Presence of insects and herbivore damage
We used chi-square tests of independence to dekminether 1) the

proportion of native and introduced plants thabbaed various insect guilds differed
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and 2) the frequency distribution of damage scdiésred between ranges. We used
the same procedure as described above for thesasaby population size classes. We
also ran a series of regressions to explore whétleee was any relationship between
mullein performance (population density, leaf numlaed plant diameter) and level
of insect herbivory, but there were no significeslationships and we did not explore

this line of inquiry further.

Precipitation, bare ground, and vegetation

We tested for differences in precipitation betwesmges using a mixed model
ANOVA with continent as a fixed effect and poputatiwithin continent as a random
effect. We used the same model to test for diffeeenn percent cover of bare
ground, vegetation (composed of forbs, grasseabshand mosses), rocks, and litter
adjacent to mullein. Precipitation data were squaot¢ transformed and cover

variables were arcsine-square root transformeceaded.

Influence of precipitation, bare ground, and vegetaon mullein performance

We used regression analysis to explore the relstip between precipitation
and mullein population density separately by raMge.conducted outlier analysis by
generating studentized residuals and removed daepdant from the introduced
range (population B1 in Utah) that had a resid@i&.® (with outliers defined as >
2.5; Rawlings et al. 1998). The removal of thisadaint is biologically, as well as
statistically, warranted. Sixty percent of the induals at this site were small

seedlings that had recently germinated during phieg rains. Because we sampled
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this particular population right after a flush @rgination, the number of individuals
present was inflated relative to what would be eigxfollowing attrition due to
density-dependent intraspecific competition. (Nbeg we also ran the plant density
model with and without this data point, and thegextevel difference was significant
in both cases.)

We explored whether bare ground or plants thadam# with mullein in its
native and introduced ranges affect mullein perforoe (i.e., mullein plant density).
Because precipitation differs strongly betweenrthtve and introduced ranges (see
Results), and is likely to influence density, waffistatistically removed the effect of
precipitation on density by generating the resigwdldensity on precipitation using
regression analysis. We then evaluated whetherdvatand and total plant cover
explained the residual variation in density. Welyred these data separately for the
native and introduced ranges. We also analyzedfthet of co-occurring plants on
mullein density using a multiple regression witlebground/cover and precipitation
as covariates; this approach produced qualitatisshylar results (data not shown; cf.

Freckleton 2002).

RESULTS
Mullein performance
Native mullein populations were significantly letense (Figure 1a; continent
effect,F1 4s= 6.65;P = 0.01; latitude effect; 45 = 3.03;P = 0.09) and smaller
(Figure 1b; Chi-square = 14.B;= 0.0025) than introduced populations. Indeed, the

maximum population density in the native range &asplants/mwhile in the
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introduced range it was 28 plant$/mdditionally, plants growing in the native range
had significantly fewer leaves (Figure 2a; continefifect,F; 45 = 51.1;P < 0.0001;
latitude effectf; 45 = 2.51;P = 0.12) and diameters that tended to be smaller,
although the difference was not significant (FigRbe continent effeck 45 = 2.5;P

= 0.12; latitude effect 4s = 0.94;P = 0.34).

Presence of insects and herbivore damage

The relative proportion of native and introducéahgs that harbored insect
enemies varied by taxonomic group. The proportiomadive plants with weevils
(Chi-square = 11.%2 = 0.0007), caterpillars (Chi-square = 2355 < 0.0001),
leafhoppers (Chi-square = 3B= 0.05), aphids (Chi-square = 4985 < 0.0001),
and snails (Chi-square = 53 = < 0.0001) was significantly greater than thathie
introduced range. Conversely, more introduced plaat thrips (Chi-square = 176.9;
P =< 0.0001) and grasshoppers (Chi-square =R8=0.004).

The frequency distribution of damage scores sicgmitly differed by range
(Chi-square = 55.82 < 0.0001). The main difference in the distribusamas due to
the large proportion (38%) of native plants withigh damage score of 3, a
proportion twice that of introduced plants (18%gute 4). Additionally, the
proportion of native plants with no damage was abelf that (7%) of introduced
plants (12%), although in both ranges there wesepiants that completely escaped

feeding by chewers (Figure 4).
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Precipitation, bare ground, and vegetation

Average annual precipitation was significantly geeat sites sampled in the
native range (69.6 cea SE 4.8; range 47-111 cm) than those sampleckein th
introduced range (33.3 ctnSE 1.2; range 27-45 c@;= 0.01) based on records
from weather stations that averaged 60.24k8E 13.6 from native populations and
22.8 kmz SE 3.6 from introduced populations.

Bare ground and total plant cover (including fopasses, shrubs, and
mosses) were significantly higher in the nativegeathan the introduced range (bare
ground,P = 0.04; total plant coveR = 0.0001; Table 2). In contrast, the amount of
litter and rocks was significantly greater in thee@duced range (illustrating why it is
that bare ground and vegetation cover are not githglinverse of each other).
Breaking the vegetation into its components, theveaange had a higher percent

cover of forbs than the introduced range, but aelosover of grasses.

Influence of precipitation, bare ground, and vegetaon mullein performance

In the native range, mullein density shows noti@fship & = 0.05;P = 0.4)
to precipitation levels ranging from 47 to 111 caer gear. Conversely, in the
introduced range, where average annual precipitaiinges from 27 to 45 cm per
year, mullein density significantly increases vgtieater precipitationRt = 0.25;P =
0.005; Figure 5, a and b).

The density of native mullein populations has aigicantly positive

relationship with bare ground and a significantigative relationship with plant
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cover, while the density of introduced mullein sisawo relationship to bare ground

or plant cover (Figure 5).

DISCUSSION

Mullein performance

Introduced mullein performs significantly betteah native mullein at both
the population and individual scales (Figures 1 2ndevealing that even when
introduced species infrequently dominate their semmunities, they can still
exhibit pronounced increases in performance. Inde¢@duced mullein populations
are on average five times more dense than thase inative range, and populations
are not only more dense, but larger (Figure 1lgividual plants are also more robust
in the introduced range, averaging twice as maaydsg as their native counterparts
(Figure 2a).

Our findings of increased performance are in acoed with others who
have found that, at least on a species-specifiis basroduced populations tend to
outperform their native counterparts. This patteas been observed for several
metrics including population size and density, pkre, fecundity, and seedling
recruitment (e.g., Buckley et al. 2003, Paynteale2003, Erfmeier and Bruelheide
2004, Jakobs et al. 2004, Ebeling et al. 2008, Becin et al. 2009, Herrera et al.
2011), although within a species it is not uncomrarincreases in one performance
metric to be accompanied by no change or even dsesdn other metrics (Edwards
et al. 1998, Vila et al. 2005, Lewis et al. 200&jditionally, because researchers

often target species that are known to be problienrathe introduced range (Hawkes
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2007), the extent to which species-specific findiogn be extrapolated to all
introductions is unclear. Because the phenomenamcoéased performance is not
universal (Thébaud and Simberloff 2001, Crippd.€2@10, Firn et al. 2011), it is
important to confirm whether a shift has occurretbbe moving on to conduct

mechanistic research on a given species.

Presence of insects and herbivore damage

Our data on natural enemies suggest that therbdsasa complex shift in the
herbivore community on introduced mullein (Figujea8companied by a reduction
in the severity of attack by leaf chewers (FigureQverall, introduced mullein
exhibits partial or complete escape from 5 hertavguilds (caterpillars, weevils,
snails, leafhoppers, and aphids) and an increa®8guilds (a specialist thrips
[Haplothrips verbasgiand grasshoppers).

Rather than showing complete escape from all afatevolved specialists,
mullein shows variation in escape that ranges fromplete C. verbasai, to partial
(seed-feeding weevils), to an actual increaseenglence oH. verbasciIndeed, the
abundance of thrips on introduced mullein is uf@06-fold that observed in the
native range (Alba and Hufbauer, unpublished d@#)er studies have reported the
presence of accidentally co-introduced speciafistsife 2002, Memmott et al.
2000), but in these cases the specialists didaioeee the high abundances that we
observed. It is possible that attackHbyverbascihas kept mullein from being an
even more problematic invader than it is; howeitempresence does not completely

offset the increased performance that mullein gihib its introduced range.
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We also found that shifts in the generalist comryuaie pronounced and
generally indicate escape, with the exception agginoppers, which are more
prevalent on introduced plants and cause the niapirichewing damage that we
observed (Figure 3; Alba, pers. obs.). Howeverpidesheir increased prevalence,
grasshoppers have only partially filled the rolelef leaf-feeding speciali§t.
verbascj as evidenced by the significant decrease in danmagirred by introduced
plants. In sum, our findings of decreased damaggesi that enemy escape has
occurred in this system, a pattern consistent thighfindings of others who have
estimated leaf damage in a biogeographic conteild @f al. 2005, Adams et al.
2008, Ebeling et al. 2008).

These data on enemy escape provide an intereasight into our previous
work (Alba et al. 2011; see Methods). Briefly, veeiid that although introduced
mullein has evolved to be larger than native mulléis increase is not accompanied
by a loss of defense (as predicted by the EICA thgmis). We hypothesized two
reasons for this pattern (Alba et al. 2011). Fsath findings could reflect that
mullein experiences similar types and levels obhary in each range (i.e., there is
no enemy escape), indicating that selection pressum defense do not differ
between ranges. Second, it could be that mull@nrdfact escape from its natural
enemies, but that this ecological shift did notieln evolutionary response in
defense investment. Our current findings supp@tstétcond hypothesis. A lack of
evolutionary response could be seen for many resagothe case of mullein, we
found little evidence of trade-offs between mullgiability to invest in growth and

defense (i.e., defenses were not measurably cdgbig; et al. 2011). Taken together,
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these findings suggest that even though mulleiresaaped (at least to some degree)
its natural enemies, there was not a strong ewolaty response to reallocate

resources from growth to defense.

Precipitation, bare ground, and vegetation

Precipitation is significantly higher in the natikenge sites than the
introduced range sites. However, despite relatil@lywater availability, introduced
populations and individual plants perform bettenthheir native counterparts. This is
somewhat surprising given that water limitatioassidered a universal stress to
plants (Chaves et al. 2002, Smith and Griffiths2)9and indeed we found a signal of
such stress within the introduced range, but ronhtitive range (see next section).

Our comparisons of bare ground and vegetation ourthat there are range-
level differences in both, which could translateiplastic or evolved responses to
altered resource availability. Overall, vegetatmsignificantly less abundant in the
introduced range, a pattern that is consistent thighfindings of low precipitation.
However, the relatively sparse vegetation did matadly translate into increased bare
ground due to high amounts of litter and rock, emfdct bare ground is more
common in the native range (Table 2). These finglggggest that although
introduced mullein may experience reduced competiiom neighboring plants, it
does not benefit from increased availability ofeoground (e.g., as available space
for recruitment). The overall reduction in vegetatis accompanied by a shift in the

composition of competitors from forb- to grass doated (Table 2). Additionally,
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because mullein is more dense in the introducegeréfigure 1a), the forbs that do
grow nearby are more likely to be conspecifics.

We are aware of only two other studies that hawia@nted range-level
differences in bare ground and vegetation assatisiid invasive plants. Similar to
our findings, Bastlova-Hanzélyova (2001) reporteat introduced populations of
Lythrum salicariaoccurred in sites with sparser vegetation tharvaegiopulations,
and often formed monocultures, which could increhseantensity of intraspecific
competition. Conversely, Cripps et al. (2010) fomadrange-level difference in the
percent cover of forbs and grasses co-occurrinig @iitsium arvensgnor were there
differences in the density of native and introdupegulations, suggesting that the
strength of intraspecific competition, as well las bverall identity of competitors, is
similar between ranges. They also reported tha garund was greater in the native
range; however, while bare ground is known to gtevmportant microsites faz.
arvenseecruitment (Edwards et al. 2000), it did not explvariation in population

performance (in contrast to our findings; see sextion).

Influence of precipitation, bare ground, and vegieta on mullein performance

We found that in the native range, where preciiitais relatively high,
mullein does not appear to be limited by water labdity (Figure 5a). In contrast,
there was a strong positive relationship betweehemuwensity and precipitation in
the introduced range, where overall precipitatmrels are quite low. These patterns

suggest that although water availability limitsattuced populations, it is less
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limiting than the factors that regulate mulleingieenemies or low light conditions)
in its native range.

In addition to quantifying differences in bare gna and vegetation between
ranges, we evaluated whether these factors affelbeim performance. Given
mullein’s life history characteristics, we expecteth bare ground and vegetation to
influence population density. In particular, beauosullein recruits only from seed
and requires disturbance and high levels of ligharder to establish (Gross and
Werner 1982, Reinartz 1984), we hypothesized teasitdy would increase with more
bare ground, and decrease with greater abundanegefation. These patterns were
indeed observed for native populations (FiguresGygesting that bare ground
represents an unused resource (e.g., safe sitescfoitment) and that co-occurring
vegetation does competitively suppress mulleircdntrast, the density of introduced
populations showed no relationship to bare groungegetation. It thus appears that
in the semi-arid western U.S., beyond a threstmldllof plant establishment,
additional bare ground does not represent a usaebteirce. Moreover, the low
abundance of co-occurring vegetation may be ingefit to directly limit (through
interference competition) mullein’s ability to dsliah (c.f. the maximum of 55%
cover, Figure 5). We suggest that instead, watdtdiboth mullein and co-occurring
vegetation in the introduced range to the exteatttie main competitive interaction
is exploitation competition for water (Grace anthi@n 1990). It is widely reported
that mullein performs well in dry, sandy soils, Ithet, being a low-statured rosette in
its first year, is highly intolerant of shade (Gs@nd Werner 1978, Reinartz 1984).

These aspects of its biology are consistent withaims increased performance in
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the semi-arid western U.S., where primary producisorelatively low and the plant
canopy is sparse. Indeed, expansive and denseaitibes can last for more than 10
years following fire (Alba, pers. obs.), a longgwuitat is not reported in the eastern
U.S. (Gross 1980), where precipitation levels ammetition for light likely reflect
that of the native range.

In summary, we have shown that an introduced speciesidered to be
relatively benign exhibits pronounced shifts ingesformance and ecology following
introduction to a new range. The data describiregrgnescape, resource availability,
and competition suggest putative roles for bothib@nd abiotic variables in
facilitating mullein’s invasiveness. Such data Higjtt the importance of designing
subsequent experiments that test multiple altaradtypotheses regarding invasion,
especially with regard to enemy escape and hovayt act synergistically with, or be
secondary to, other important shifts in a spe@eslogy following an introduction

event.
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Table 1.15ampling locations for comparisons of performance, herbivory, and competition

Plants Mean Annual
Population Code Country/State Sampled  Latitude (N)  Longitude (E) Elevation (m) Precipitation (cm)

Native (EU)

BE1 Belgium 22 51.039483 5.757936 31 82.0
BE2 Belgium 15 50.927214 4.424692 16 81.0
P1 Czech Rep. 13 50.181333 13.415575 346 110.6
P2 Czech Rep. 6 49.999106 14.559139 300 47.0
P3 Czech Rep. 8 49.874744 14.437797 254 66.7
P4 Czech Rep. 11 50.785525 14.458558 423 47.0
P5 Czech Rep. 12 50.064025 14.485831 228 47.0
LR France 5 43.888381 3.56825 551 73.0
MO France 6 43.672003 3.864839 51 70.0
NA France 6 42.430811 1.977811 1210 67.0
SJ France 4 43.587011 3.828942 50 70.0
*FR1 France N/A 43.698197 3.853719 67 70.0
*FR2 France N/A 43.677228 3.85595 67 70.0
*FR3 France N/A 43.93055 3.702453 67 70.0
*FR4 France N/A 43.725167 3.794783 67 70.0
*FR5 France N/A 43.701794 3.854169 67 70.0
MA1 Macedonia 10 41.297903 21.097853 674 49.0
MA2 Macedonia 10 41.062711 21.174872 946 49.0
SE Serbia 10 44 572944 20.560178 180 65.8
SW1 Sweden 4 60.258389 17.636114 41 54.0
SW2 Sweden 12 60.259086 17.656744 41 54.0
SW3 Sweden 2 60.251239 17.669442 41 54.0
Sw4 Sweden 3 60.2422 17.682306 41 54.0
CH1 Switzerland 20 47.359325 7.364636 416 107.0
CH2 Switzerland 5 47.335256 7.115103 695 107.0
CH3 Switzerland 7 47.341156 7.317797 442 107.0
Introduced (US) Latitude (N) _Longitude (W)

BC coO 20 40.800472 105.379528 2252 38.4
HG co 20 40.701733 105.314656 2092 41.8
HT coO 20 40.539767 105.178628 1784 38.4
LO CcoO 20 40.650061 102.741167 1269 458
LOR coO 20 40.583006 105.174506 1671 38.4
SL Cco 15 40.986139 107.381667 2041 25.6
ID ID 10 44.137006 112.222542 1828 30.2
MT1 MT 15 45.686333 110.512472 1444 26.0
MT2 MT 15 45.424972 110.651167 1849 36.8
MT3 MT 15 45.499556 110.547694 1649 36.8
MT4 MT 10 45.673972 110.540056 1427 36.8
MT5 MT 15 46.225694 111.377917 1394 27.3
MT6 MT 10 46.253611 111.297333 1493 27.3
MT7 MT 15 46.286917 111.532 1377 27.3
MT8 MT 15 46.318722 111.629111 1506 27.3
MT9 MT 15 47.404667 111.327917 1135 40.0
MT10 MT 15 47.432056 111.319944 1402 37.1
MTA MT 15 45.097417 112.776972 1689 33.3
B1 uT 20 38.304111 112.837642 2043 28.3
B2 uT 20 38.419186 112.713906 2043 28.3
B3 uT 20 38.429372 112.643167 2039 30.9
D1 uTt 20 40.403056 110.343056 2252 23.2
D2 uTt 20 40.211389 110.41 2593 24.0
ST uTt 20 40.182913 111.050444 1765 38.3
WY1 wYy 3 41.130667 109.213472 2358 22.8
WY2 wyYy 16 41.055056 109.352417 2495 22.8
WY3 wYy 20 43.429583 110.781583 2129 40.2
WwY4 wy 15 43.404 110.751556 1898 40.2
WY5 WYy 15 43.386222 110.725833 1928 40.2
WY6 WY 13 43.428861 110.777028 1885 40.2

*These locations used for plant density analyses only
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Table 1.2. Percent cover of bare ground, vegetation, litter, and rocks in plots adjacent to native and introduced mullein plants

Native Mean (+SE)

Bare ground 424
Forbs 32.8
Grasses 9.7
Shrubs 1.08
Mosses 1.10
Total Vegetation 44.7
Litter 11.3
Rocks 1.5

Introduced Mean (+SE)

246
96
15.0
1.27
0.23
26.1
335
15.4

F -statistic

43
88.2
8.8
0.7
5
17.1
14
8.6

DF

1,47
147
147
1,47
1,47
1,47
147
147

P-value
0.04
<0.0001
0.005
0.68
0.03
0.0001
0.0005
0.005
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Figure 1.1. (a) Mullein density (meaSE) and (b) size distributions of populations
present in the native (Europe) and introduced (U&hges. Single asterisk denotes a

significance ofP < 0.05. Double asterisk denotes a significande ©f0.001.
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Figure 1.2. Number of leaves (meaSE) and diameter (meanSE) of mullein
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chewing damage score of 1-4 (see text for detafitsr Lewis et al. 2006). The
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about twice as often as introduced plants.
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Figure 1.5. Plots of the regression of precipitatbe mullein density (top panels) and
of the residuals generated by the regression deinudensity on precipitation against
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density after removing the confounding effect acgqipitation. Regressions
represented by open diamonds (panels a-c) are ggamg from the native (Europe)

range. Regressions represented by closed diampadsl§ d-f) are populations from
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the introduced (U.S.) range. Note that the pertmat cover in the introduced range

has a maximum of 55%.
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CHAPTER TWO

EVOLUTION OF GROWTH BUT NOT STRUCTURAL OR CHEMICAL
DEFENSE INVERBASCUM THAPSUEOMMON MULLEIN) FOLLOWING

INTRODUCTION TO NORTH AMERICA
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OVERVIEW
Post-introduction evolution of increased growthreproduction has been observed in
many species of invasive plants; however, it isauotsistently associated with a loss
of defense, as predicted by the influengiablution of increased competitive ability
(EICA) hypothesis. Inconsistent support for the KlIG/pothesis likely reflects the
fact that, although invasive plants are releaseunh fattack by some enemies, typically
specialists, they often do not escape attack frenemlists. Thus, different types of
defense (e.qg., structural versus chemical) mayveviol different directions following
introduction. We used a common garden experimetgsiowhether a shift in
allocation among defenses (as opposed to a simgplease or decrease in a single
defense) is associated with increased growth mdoicedverbascum thapsus
populations. Introduced populations had signifibagteater shoot biomass than
natives. However, root biomass was similar betwaeages, and highly variable,
resulting in only marginal differences in total imass. Mean investment in all three
defenses was remarkably similar between the nathdgeintroduced populations,
providing no evidence for range-wide, post-intragc evolution of defense. This
finding was consistent with the fact that, despigmificant population-level
variability for all defenses, there was little esmate of trade-offs between growth and
defense or among different types of defense. Tresdts suggest that evolution of
increased growth iN'. thapsuss not fueled by decreased allocation to defezse,
that selection on defense may vary more at thelptipn scale than the continental

scale.
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INTRODUCTION

Invasive species commonly escape many of theiraladmemies, leading to a
release from top-down population regulation (e&ffon 1958, Memmoitt et al. 2000,
Keane and Crawley 2002, DeWalt et al. 2004; butGdaultti et al. 2004, Chun et al.
2010). For invasive plants, release from enemiggattar the selection regime such
that particular defenses are no longer under pesslection, and in fact may be
under negative selection if their production incaifiness cost (Strauss et al. 2002,
Mdller-Schérer et al. 2004). This can then resulin evolutionary loss of defenses,
which is predicted to favor growth and reproductievolution of increased
competitive abilityor EICA hypothesis; Blossey and Notzold 1995).

Post-introduction evolution of increased growthreproduction has been
observed in many species, as predicted by the Higpdthesis (e.g., Leger and Rice
2003, Wolf et al. 2004, Blumenthal and Hufbauer?06lowever, it is not
consistently associated with a loss of defensagwnead in Hinz and Schwarzlaender
2004, Bossdorf et al. 2005), perhaps because intextiplants are often attacked by
generalist herbivores in the new range, and thusolcompletely escape herbivory
(Memmott et al. 2000, Muller-Schérer et al. 200drker et al. 2006). If introduced
plants are predominantly attacked by generaligige(ive focus on insects), then
gualitative defenses (i.e. toxins), which deteregahsts and are relatively
inexpensive for a plant to produce, should be ra@et in the new range. In
contrast, quantitative defenses (i.e., structueftises and/or digestibility-reducing
chemicals), which are effective against specialist generalists, but are typically

costly to produce, should decrease (Miller-Schétrat. 2004, Joshi and Vrieling

44



2005). Resulting increases in growth are then thbtggstem from a shift in
allocation from relatively costly quantitative deges to less costly qualitative
defenses (Muller-Scharer et al. 2004).

There are few studies that have tested the expdbkizal hypothesis (sensu
Mdller-Schérer et al. 2004) by measuring chemiaal structural defense in addition
to some aspect of growth or reproduction (but sstiJand Vrieling 2005, Franks et
al. 2008, Ridenour et al. 2008). Most tests ofEH@A hypothesis directly quantify
only one type of defense (e.g., Joshi and VrieBg5, Lewis et al. 2006, Cano et al.
2009; but see Franks et al. 2008, Ridenour etD8I8Ror use more general feeding
assays that cannot pinpoint which specific defensiaits might differ between
ranges (e.g., Blossey and N6tzold 1995, SiemanrRagers 2003, Leger and
Forister 2005). Studies that do provide a detdisti of the expanded EICA
hypothesis (sensu Miiller-Schéarer et al. 2004),taken together, inconclusive (Joshi
and Vrieling 2005, Franks et al. 2008, RidenoualeR008). For example, in clear
support of the hypothesis, Joshi and Vrieling (2G0&nd that introduced
populations ofSenecio jacobaegAsteraceae) grew larger than their native
counterparts, and in addition were better proteatginst generalist herbivores
(Mamestra brassicaandSpodoptera exiggawhile less protected against a specialist
(Tyria jacobaeag In contrast, Ridenour et al. (2008) reported thimoduced
populations ofCentaurea maculosghsteraceae) are not only larger, but also better
defended, against both specialists and gener#i@tstheir native counterparts. They
interpreted these findings to be evidence for k tddrade-offs between growth and

defense.
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The Ridenour et al. (2008) findings contribute toreg-standing debate
regarding the existence of costs associated véttetoffs between plant growth and
defense (e.g., Mole 1994, Bergelson and Purrinf886, Herms and Mattson 1992,
Koricheva 2002, Strauss et al. 2002). This delsatirectly relevant to the
predictions of the EICA hypothesis: if trade-offe aveak or imperceptible in a
system, there is little reason to expect an iner@agrowth or reproduction to come
at the expense of investing in defense. The fitgtysto provide a detailed analysis of
fitness costs associated with defense (BergelsdrParrington 1996) reported that
plants exhibit a trade-off in only 33% of caseswduer, a follow-up review that
included more recent work reached a quite diffecemiclusion, showing that costs
are detectable in 76% of cases (Strauss et al.) 2802cent meta-analysis
(Koricheva 2002) highlighted that several factoetedmine the shape of the function
describing costs, including environmental factord the type of defense compounds
explored. Because investigations of the EICA hypsithlend themselves to
correlation analysis, they provide a tool to dingtest for inverse relationships
between growth and defense or between differemstyb defense.

Here we quantify variation among populations anvben ranges in three
types of defense (two structural and one chemindhe introduced weederbascum
thapsud.. (Scrophulariaceae; common mullein). We usedraraon garden
approach to test whether a shift in allocation agndefenses (as opposed to a simple
increase or decrease in a single defense) is assdavith increased growth in
introduced populations. We predicted that intrebmullein would invest more in

biomass, more or similarly in chemical defensel@idl glycosides) against
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generalists, and less in structural defense (tnsand leaf toughness) against
specialists and generalists, than do native papaktBy simultaneously measuring
growth and several defense traits, we were alsotaldxplore whether there is a
negative relationship between growth and defensetween different types of
defense. A negative relationship provides evidéacan underlying assumption of
the EICA hypothesis: that defenses are costly enpibse a trade-off between the

ability to grow and defend (sensu Herms and Matii9?).

METHODS

Study system

Common mullein is a monocarpic perennial (typicalignnial) forb that was
repeatedly introduced to the eastern United Stétssby Puritan settlers in the
1600s for its medicinal properties and later bylBhgand German settlers for use as
a piscicide (Wilhelm 1974, Gross and Werner 197Bick1 1989). It was also directly
imported to the U.S. from Germany in the early X9Menkel 1917). It now occurs
in all 50 of the United States, having spread rigd@m its points of introduction in
the east to Michigan by 1839 and the Pacific Cbgsit876 (Brewer et al. 1879;
Gross and Werner 1978). It is designated as noxioG®lorado, Hawaii, and South
Dakota. Mullein has a large native range, occurtimgughout Europe and Asia.
Although there are currently no molecular recorditoms of its introduction history,
the timing of its introduction and its well-docunted ethnobotanical history support
the contention that Europe was the source of tlhedoction, especially since there

were few trade or travel connections between Aséathe U.S. in the 7century.
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Mullein has several characteristics typical of wegtaders. It produces up
to 175,000 seeds per plant and forms long-lived baaks (Gross and Werner 1978).
Mullein flourishes in response to disturbance, tredefore may depress recruitment
by co-occurring natives in early-seral communifegcairn 2000). Although this
species tends to be fugitive, infestations canigteiar many years in the introduced
range, especially following fire (Fornwalt et aQ1®) or in areas subject to chronic
disturbance (e.g., black-tailed prairie d&yhomys ludovicianji€olonies; Alba,
pers. obs.). A recent biogeographic comparisoratife (n = 21) and introduced (n =
32) populations showed that introduced populatamessignificantly larger and more
dense than native populations, with larger indigidalants (Alba and Hufbauer, cf.
Chapter 1.). Additionally, introduced plants areslseverely damaged by insect
herbivores than their native counterparts (Alba ldaotbauer, cf. Chapter 1.), and
they have been released from attack by severaiadisemsects, includin@ucullia
verbasciL. (Noctuidae) (Maw 1980) and several speciesedwil (Gross and
Werner 1978; Alba and Hufbauer, cf. Chapter 1.).

Mullein invests heavily in both structural and cheahdefense against
herbivores. Mullein leaves are covered with densbedmes, structures that reduce
feeding by many insects including caterpillars .(ekdpan et al. 1986, Agren and
Schemske 1993), leafhoppers (reviewed in Levin L 3&etles (e.g., Dimock and
Tingey, 1988) and grasshoppers (Woodman and Feesakifl). Another
potentially important structural defense is leafgbness, which has been shown to
deter insect feeding (Coley 1983, Choong 1996)tamdduce insect performance

(Feeny 1970, Clissold et al. 2009) on multiple ppecies. Mullein also produces
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toxic secondary metabolites including the iridolgcgsides aucubin and catalpol
(Khuroo et al. 1988, Pardo et al. 1998). These atemdeter generalists (e.qg.,
Bowers and Puttick, 1988) and can attract spetsdlimt use them as oviposition and
feeding cues and are able to detoxify or sequésten (e.g., Bowers 1984, Bowers
and Puttick 1988, Pereyra and Bowers 1988, Niemateth 2003). Catalpol is the
final product of the biosynthetic pathway (Damteffial. 1983), suggesting that higher
proportions of catalpol reflect greater energetiestment by the plant. Additionally,
catalpol is more strongly deterrent to generatisa® aucubin (Bowers and Puttick
1988). As such, the ratio of aucubin to catalpoydn@ an important driver of

herbivore feeding preferences in addition to thaial amount.

Experimental design

We used a common garden approach to explore wheill&ein populations
exhibit variation in biomass, trichome length, leaighness, and iridoid glycoside
content, with the specific aim to test whetheradtrced and native mullein
populations differ for these traits. Plants fromid®oduced and 4 native sites were
grown in a greenhouse from field-collected seed {&ble 1 for locations of sample
sites). Although limited samples were availablerfrihhe native range, the sites are
within the geographic range reported to be theoaf mullein introductions into
North America (se&tudy SystemDespite this, the relatively low replication vaegs
some caution in interpreting the experimental tssiWe grew three replicates of
each of 10 maternal lines per site (with the exoepdf the Romania and Ithaca, NY

sites, which had 5 and 6 maternal lines, respdgjifer a total of 393 plants. We
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measured above-ground biomass, trichome lengthleadoughness on all three
replicates of each maternal plant, while root bissnand iridoid glycosides were
measured on one replicate of each maternal plant.

In June 2008, seeds were sown into germinatiors ttaptaining Sunshine #3
germination mix (DWF Grower Supply, Denver CO) ghaced on a mist bench
(average daytime temp., 2£@; average daytime relative humidity, 59.5%; averag
nighttime temp., 19.8C; average nighttime relative humidity, 77.4%). &ss seed
was sown and seedlings were thinned as necessavgpith competition. The length
of one cotyledon per seedling was measured wiiperal to provide an estimate of
maternal provisioning. We took this measuremeiheip us determine whether
observed differences in biomass between nativerdratuced plants might be a
result of maternal effects. Germination trays wereandomized at regular intervals
to avoid micro-climatic effects. At four weeks, diegs were transplanted into 1-
gallon pots containing a mixture of 75% Sunshing@&ging soil (DWF Grower
Supply, Denver, CO), 15% turface (L.L. Johnson fibsting Co., Fort Collins, CO),
and 10% sand (Bath Garden Center, Fort Collins, &@)moved to greenhouse
benches (average daytime temp., ZC9average daytime relative humidity, 64.5%;
average nighttime temp., 18@; average nighttime relative humidity, 72.6%) thoe
remainder of the experiment, where they were relasamzed once every two weeks.
Plants were watered as needed and fertilized orntbeQ@gmocote (a slow-release
NPK fertilizer) per the manufacturer’s directioi® control an outbreak of thrips and

fungus gnats, all plants were treated a single tiitie a Permethrin-based (2.5%)
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multipurpose insecticide and Gnatrol (a bioconimskcticide usin®acillus
thuringiensi3, respectively.

Plants were harvested for growth and defense me@asuts at 8 weeks of
age. Mullein rosettes must reach a threshold sizeder to successfully overwinter
(Gross 1980); thus, the rate at which biomassdsraalated early in life has a critical
influence on final fitness. Indeed, individualsttjarminate early in the season (and
thus can achieve greater rosette size before ontamng) produce larger
inflorescences and more seed than those germinatergn the season (Gross 1980).
We also note that, although we conducted our comgaotien experiment in the
introduced range, it is unlikely that the greenleosnditions or potting soil favored

introduced populations.

Biomass Measurements

All rosettes were oven dried at %0 to a constant mass and then weighed.
We measured root biomass on a subset of indiviqaalsdividual of each maternal
line in each population, n = 131 individuals). Roatere gently washed free of their

potting soil prior to drying and weighing.

Defense Measurements

Measurements of trichome length and leaf toughwess made on freshly
harvested leaves. We controlled for differencedafense due to leaf age and size by
harvesting leaves of similar rank, randomly choggiom the two leaves within a

rank, and measuring the length of each leaf taidelas a covariate in statistical
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analyses. Leaves were cut in half and each hadforaty assigned to trichome or leaf
toughness measures. Trichome length was measuded an ocular micrometer at
40x magnification (Woodman and Fernandes 1991). Wevecha 0.6-cm-diameter
circle of tissue from between the second and t@abndary veins (moving away
from the leaf tip), near the midrib. The circle wgtly held on end with tweezers,
and the length of trichomes was measured frompiteeemal layer out. The length of
the trichomes did not include the occasional lorgers, but was taken to be the
dominant layer or mat of hairs (sensu Woodman arddndes 1991).

Leaf toughness measurements were made at the seati®h on the other
half of each leaf using a Lloyd LF-Plus universsting machine customized to work
as a leaf penetrometer. The penetrometer forbasnacircular probe (7.0686 nfin
through the leaf at a constant speed, and meafuoesapplied to the probe
continuously with a 20 Newton load cell, accuratevithin 1% of the force
measurement. We recorded both the total work reduo puncture a leaf and the
maximum force required to puncture a leaf, but repoly the latter (load at
maximum load in kN), as it was less sensitive t@saeement error. For simplicity,
we use the term “leaf toughness” throughout.

Iridoid glycosides were quantified in a subseinalividuals (1 individual
from each maternal line in each population, n =)1&Ing gas chromatography
(detailed in Gardner and Stermitz 1988, BowersStaghp 1993). Briefly, we ground
dried rosettes to a fine powder and extracted 5Guhgamples in methanol. The
extract was then partitioned between water and étheemove chlorophyll and

hydrophobic compounds. We added an internal stangéenylg-D-glucose) to the
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remaining sample, which was then derivatized witkSil-Z (Pierce Chemical,
Rockford lIllinois, USA) prior to injection on a gakromatograph (Hewlett Packard

5890 equipped with an autoinjector).

Statistical analyses

All statistical analyses were conducted in SAS).1.(SAS, Cary Institute,
NC 2002). We first tested for differences in cotida size due to invasive status (i.e.,
continent of origin) using mixed model ANOVA witloetinent of origin as a fixed
effect and site with continent as a random eftafter ruling out continent-level
differences in maternal provisioning based on entgh size, we continued with the
remaining analyses.

We tested for differences in biomass and leveldedénse due to continent of
origin using mixed model ANOVA. We evaluated the as latitude as a covariate in
the model for shoot biomass and altitude as a ctean the models for trichome
length and leaf toughness. As we found no effetatdfide and altitude on the
response variables (latitude effect on shoot bispias 0.39; altitude effect on
trichome lengthP = 0.68; altitude effect on leaf toughneBs; 0.27), we analyzed
shoot biomass, trichome length, and leaf toughwékscontinent of origin as a fixed
effect and population within continent and matetired within population as random
effects. The models for root biomass, total biomalssot:root ratio, and iridoid
glycoside content did not include the random eftdghaternal line within site
because we did not have replication at that léMetels testing for differences in

trichome length and leaf toughness included laadtle as a covariate to control for
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differences in leaf age. We used the least squaensstatement to test for
differences based on continent of origin. To thstdignificance of the random effects
of site and maternal line, we generated likelihoatib statistics and compared them
against a chi-square distribution with one degrfdeeedom (Littell et al. 1996).

When necessary, data were transformed (squarestomdt biomass, root biomass,
and leaf toughness; arcsine square root: auculircaalpol proportions) to improve
normality and homogeneity of variance.

To test for trade-offs between biomass and theetdefenses, and between
the three defenses themselves, we generated ¢mmetaefficients using the PROC
CORR procedure (Table 2). We used family means wlossible (for shoot biomass,
trichome length, and leaf toughness). We did nethaplication within families for
total biomass, iridoid glycoside content, and thepprtion of iridoids made up of
catalpol. “Global” trade-offs” were evaluated byngeating correlations that included
data points from all populations in the two ran@esble 2). We additionally
evaluated trade-offs separately for each populat@ansure that the global
correlation coefficients did not obscure any traffs-present at the population scale.
To test whether native and introduced populatiagssignificantly different global
correlation coefficients, we used a mixed model AMQ(fixed effect = continent;

random effect = population with continent).
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RESULTS
Maternal effects
Cotyledon size did not differ between introduced aative populations
(introduced, 3.25 mmt SE 0.03; native, 3.45 minSE 0.04P = 0.27), providing no

evidence that maternal provisioning differed betweentinents.

Biomass

Introduced plants had significantly greater sHmomass than native plants
(F112=10.43;P = 0.007; Fig. 1a), but root biomass was simildneen populations
from the two ranged~ 1, = 0.21;P = 0.66; Fig. 1b). As a result of this, the diffece
in total biomass was only marginally significakt (> = 2.02;P = 0.09; Fig. 1c). The
shoot:root ratios did not significantly diffeff{.> = 0.63;P = 0.43; Fig. 1d). There
was no significant population-level variation irofiass (shoo® = 0.32; rootP =
0.5) or shoot:root ratio$(= 0.22), nor was there significant within-popubati
(maternal plant) variation in shoot biomaBs=0.38). As such, we present only the

continental means for the biomass data.

Defense

Defenses were remarkably similar between the eatnd introduced ranges.
There were no significant differences between thioced and native populations for
trichome lengti{(F1 12 = 0.12;P = 0.74; Fig. 2a), leaf toughneds g>,= 0.05;P =
0.83; Fig. 2b), percent dry weight of iridoid glyides F1 1.= 0; P = 0.99; Fig. 2c),

or the proportion of total iridoids made up of d¢atd (F1 1,= 0.77;P = 0.40; Fig. 2d).
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In contrast to the striking similarity of defenswéstment at the continent scale, there
was highly significant among-population variatiam &ll defenses (trichome length,

P = 0.005; leaf toughnesB,< 0.0001; percent dry weight of iridoid3,< 0.0001;
proportion catalpolP = 0.005; Fig. 2, a-d). There was no significarttwa-

population (maternal plant) variation in the defswiith replication at that level

(trichome lengthP = 0.5; leaf toughnes®. = 0.5).

Cost of defense

Correlation coefficients expressing the relatiopdietween all pairwise
comparisons of total biomass, shoot biomass, tnehtength, leaf toughness, and
iridoid glycoside content revealed no compellingdence of trade-offs.. The only
significant global correlation coefficients (genedhusing all data points from all
populations in both ranges) were positive (Tablé/Zhen evaluating populations
separately, (14 populatiomsl3 pairs of traits = 182 comparisons), we deteotdy
8 significantly negative correlations (cf. Tabléo2 populations exhibiting negative
trade-offs). A mixed model ANOVA showed that coateédn coefficients did not
significantly differ between native and introdugsapulations for any pair of traits

(data not shown).

DISCUSSION
Our goal was to provide a detailed test of theaaded EICA hypothesis
(Muller-Scharer et al. 2004) by quantifying grovgilus several types of defense that

are predicted to deter mainly specialist (trichontegf toughness) or generalist
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(iridoid glycosides) insects. We found partial sogggor the EICA hypothesis in that
shoot biomass of introduced plants was signifigagtéater than that of natives (Fig.
la). However, root biomass was similar betweenaangnd highly variable,
resulting in only marginal differences in total mass (Fig. 1c). The different
conclusions reached based on the results for $howiass (clear support for EICA)
versus total biomass (weak support for EICA) higiis the importance of estimating
whole-plant growth rather than only abovegroundagho which is sometimes done,
likely because of logistical constraints (e.g.,/B&nthal and Hufbauer 2007, Cano et
al. 2009). Our results also suggest that abovegrbiomass was more strongly
selected to increase in the introduced range tlemb&lowground biomass; this
indicates that in some invasive populations, paéptadaptive changes in plant
architecture (e.g., a shift in the relative investinin above- versus belowground
parts) may be present even if total investmentawth is similar between ranges.
We detected no difference in trichome length, teafjhness, or iridoid
glycoside content when comparing plants from molgenative and introduced
ranges. That none of the traits showed evidenpesifintroduction evolution
provides a compellingly consistent pattern—one $itends in contrast to the equally
clear pattern of significant population-level véina present for each defense. It is
possible that our low population replication foe thative range failed to capture
existing differences in defense phenotypes at téireent scale, and this
interpretation cannot be ruled out given the varmathat exists among populations.
However, two lines of evidence suggest that oudifigs are accurate. First, there

were no non-significant trends toward differencedefense. In fact, the means for
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all three types of defense were virtually identicedween ranges (Figure 2). Second,
correlation analysis suggests that our findingsméffect reflect a biological reality
of the system: there is only very weak evidenceare-offs between either biomass
and defense, or between the three types of de{@adée 2). Overall, populations
with large plants also tended to have plants vatatively tough leaves, and high
concentrations of chemical defenses. Adler etl&9%) found results similar to ours,
in that they detected no trade-off between allocato biomass and iridoid glycoside
content inPlantago lanceolataThis finding may well reflect a true lack of a
physiological trade-off; alternatively, it couldflect a greater degree of variation
among genotypes in the ability to assimilate cariam variation in the allocation of
carbon to growth versus defense (Adler et al. 1.98Bhough the conditions under
which trade-offs manifest are complicated (Korich@002), and their existence can
be difficult to detect (Bergelson and Purringtor®@9Strauss et al. 2002), it is
nonetheless striking that we found little evidefaretrade-offs between any of the
several traits measured (Table 2).

Although the EICA hypothesis explicitly predictéferences at the continent
scale, considering all levels of genetic structyiimcluding among- and within-
population variation) can help researchers intérgitber the presence or absence of
differences between ranges. For example, here wedfthat none of the biomass
traits (shoot, root, and total biomass) exhibihgigant population variation, with a
mean difference in shoot biomass instead manifgstithe continent scale (Figure
1a). Conversely, all of the defenses showed sigamiti population-level variation,

with no indication of mean differences between emndf our sample populations

58



accurately capture mean investment in defensaggests that selection operating at
local or regional scales may be stronger than itreetibnal selection predicted to
operate at the continent scale.

There are many examples of geographic variabitityalection (“selection
mosaics”) on plant-insect interactions (e.g., Bbe&mm and Zangerl 1998,
Gomulkiewicz et al. 2000, Thompson and Cunningh@0622. Such geographic
structuring leads to population differentiation fraits associated with the
interactions, thereby precluding a “globally fawtit@henotype spanning all
populations of a species (or in the context of #was, all populations in a species’
native or introduced ranges; Thompson 1997). We faksnd no maternal variation
for any of the traits that had replication of matdilines (shoot biomass, trichome
length, leaf toughness). A lack of within-populatieariation suggests that, even if
selection were acting on these traits, populatioag not possess the requisite genetic
variability to respond rapidly. In the case of shbiomass, the combination of
continent-scale genetic differentiation and minimvéhin or between population
variation may reflect the introduction of pre-adapgenotypes rather than a rapid
response to selection following introduction.

Although several studies do provide support ferEBiCA hypothesis (e.qg.,
Siemann and Rogers 2003, Blair and Wolfe 2004; @etfal. 2004), the balance of
studies, including ours, provide partial or no supgreviewed in Hinz and
Schwarzlaender 2004, Bossdorf et al. 2005). The step is to determinehythe
hypothesis appears to explain invasion dynamis®ime systems but not others.

While common garden experiments effectively meatheeesultsof evolutionary
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processes, they cannot directly quantify the squicection, or strength of selection
on traits that are relevant to invasion (Endler@, 9&alisz 1986), nor discriminate
between rapid adaptation and other modes of gedietcgence such as the
differential introduction of pre-adapted genotypdsre we have suggested that it can
be useful to directly test the conditions requil@dEICA, such as variation in and
tradeoffs between growth and defense, both withthamong populations. We

would also suggest that the next generation ofiesud this area should incorporate
direct measurements of selection gradients orsteai$ociated with competitive

ability and defense (cf. Franks et al. 2008, Mumeal. 2009) so that the identity and
role of putative selection pressures (e.g., spsti@hd generalist enemies) acting in

each range can be confirmed.

60



Table 2.1 Collection locations for seeds used in the common garden experiment

Site Name State/Country Coordinates Elevation (m)
Introduced

Gold Creek Rd. Montana 46°54'02"N  115°00'17"W 1609
Worley Idaho 47°33'14"N  116° 54' 58" W 777
Edgewater Maryland 38°54' 05" N 76° 33' 20" W 18
Ithaca New York 42° 27" 44" N 76°26'39" W 314
Poudre Canyon Colorado 40° 39'55"N  105°13'09" W 1603
Narrows Colorado 40°41'23" N 105°25' 54" W 1966
Dadd Gulch Colorado 40°41'58"N  105°32'38" W 2138
Lake John Colorado 40°46'54" N 106°28'42" W 2238
Steamboat Springs  Colorado 40°30'07"N  106°55'21" W 2009
Hewlett Gulch Colorado 40°41'21"N__ 105° 18'36" W 1775
Native

Muntschemier Switzerland 46° 59' 13" N 7°08 24" E 814
Grissheim Germany 47° 53" 15" N 7°34'52" E 210
Oradour-sur-Glane France 45° 57" 12" N 01°00' 82" E 254
lasi Romania 47° 08'51" N 27° 38'25"'E 37
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Table 2.2. Global correlation coefficients (including data points from all populations in mullein's native and introduced ranges) describing relationships
between biomass and defense traits. Positive coefficients indicate no evidence for trade-offs between investment in two traits while negative
coefficients indicate a trade-off. The EICA hypothesis assumes a trade-off between growth and defense (see text for details), but there is little
evidence of that for the traits measured in this study.

Total Shoot Trichome 9 i
biomass biomass length (mm) iridoi(f)gt@tgclysides PLZ?;E‘&” Leaf toughness

(@) (@) )
# Total biomass (g) 1 0.58922* -0.07871 (SS) 0.24208* 0.20112* 0.19835* (PC)
¢ Shoot biomass (g) 1 -0.05945 (lasi)  0.20919* (Wor) 0.08505 0.20653*
* Trichome length (mm) 1 -0.01429 (PC, Griss) 0.02935 (Griss)  -0.1174 (Nar)
# % total IGs 1 0.16179 0.28488*
# Proportion catalpol 1 -0.02427
* Leaf toughness (kN) 1

*P<0.05

* Indicates traits with family means

# Indicates traits without family means

Single populations with significantly negative correlation coefficients are in parentheses following the global correlation coefficient;

Griss = Grissheim; lasi = lasi; Nar = Narrows; PC = Poudre Canyon; SS = Steamboat Springs; Wor = Worley; See Table 1 for location information.
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Populations ordered as in Table 1.
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CHAPTER 3

POPULATION AND LEAF-LEVEL VARIATION OF IRIDOID GLYCOSIDES IN

THE INVASIVE WEED VERBASCUM THAPSUS (COMMON MULLEIN):

IMPLICATIONS FOR HERBIVORY BY GENERALIST INSECTS

72



OVERVIEW

Plant-insect interactions, which are strongly mestldoy chemical defenses, have the
potential to shape invasion dynamics. Despite fhig,studies have quantified
natural variation in key defensive compounds o#sive plant populations, or how
those defenses relate to levels of herbivory. Merevaluated variation in the iridoid
glycosides aucubin and catalpol in naturally odaggrintroduced populations of the
North American invadelerbascum thapsus (common mullein;
Scrophulariaceae). We examined two scales thdikalg to structure interactions
with insect herbivores—among populations and witilant tissues (i.e., between
young and old leaves). We additionally estimatedsverity of damage incurred at
these scales due to generalist chewing herbivpresdminantly grasshoppers and
caterpillars), and evaluated the correlation betwgdoid glycoside content and leaf
damage. We found significant variation in iridoigapside concentrations among
populations and between young and old leaves, lenttls of herbivory strongly
tracking investment in iridoids in old leaves (ileerbivory was negatively correlated
with iridoid concentrations), but less so in youegves. This pattern reflects the fact
that young leaves were highly defended by iriddaleeraging 6.8 the concentration
present in old leaves, and containing higher priomas of the more toxic iridoid,
catalpol) and suffered only minimal damage fromi\{epgeneralists. In contrast, old
leaves were significantly less defended and thezafmre substantially utilized.
These findings reveal that novel interactions réeweloped between introduced
mullein and native generalist herbivores in Nortinekica. However, the limited

ability of generalists to feed on mullein’s wellfdeded young leaves results in
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minimal losses of high-quality tissue, suggestimgesthanism for mullein’s increased

performance in North America.
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INTRODUCTION

Plant-insect interactions have long been of intdrescientists because they
are diverse in mode (including herbivory, polliati and seed dispersal), have strong
implications for the structuring of communitiesdgorovide an excellent framework
for studying taxonomic diversification and coevaat (Ehrlich and Raven, 1964,
Strong et al., 1984; Fine et al., 2004; Becerr@,720Given these attributes, it is not
surprising that research on biological invasionsiciv aims to understand how novel
species interactions shape community assembly @memporary evolution, often
focuses on plant-insect interactions. In partigula long-standing interest in how
plant defenses influence herbivory and thus planfiopmance has become an
important aspect of research on invasions. For pigrthenovel chemistry
evolution of increased competitive abiligndresource-enemy releabgpotheses
propose that the unique or optimal deployment ahptlefenses facilitates invasion
(Mller-Scharer et al., 2004; Blumenthal, 2006; Qagino and Arnason, 2006).
However, while much research on invasions assigiental role to the chemical
ecology of plant-insect interactions, few studiagsénquantified natural variation in
defense compounds in introduced plant populatibnsgee Darrow and Bowers
1997; Zangerl et al., 2008; Barto et al., 2010;i@aon and Bowers 2010).

In some cases the phytochemical uniqueness ofiutex plants facilitates
their invasion, for example because naive herbs/deenot recognize invaders as
potential hosts (Strong et al., 1984; CappuccircbAamason, 2006; but see Lind and
Parker, 2010). However, herbivores often succdgdiesd on invasive plants, for

example if they are taxonomically or chemically g&mto co-occurring natives (e.g.,
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Feeny, 1976; Thomas et al., 1987; Bowers et a@2]1Qourant et al., 1994), or if
herbivores can rapidly adapt to overcome their waidefenses (Karowe, 1990). In
such cases, novel ecological interactions that bia@otential to affect plant
performance and ultimately evolution may developleled, several herbivorous
insects in North America have successfully incoaped introduced plants into their
diets (e.g., Strong and Lawton, 1984; Singer ¢t1893; Graves and Shapiro, 2003).
Given that novel interactions such as these hav@ditential to shape invasion
dynamics, it is critical to quantify the amountstdibution, and ecological relevance
of chemical defenses in introduced plants.

Defense phenotypes are determined by severalsidramd extrinsic factors
including plant genotype and ontogenetic develogmesource availability,
seasonality, and herbivore attack (e.g., Coley318&nno and McClure, 1983;
Coley et al., 1985; Fritz and Simms, 1992; Karbaa Baldwin, 1997; Boege and
Marquis, 2005). These myriad sources of variatitimately give rise to the defenses
deployed against herbivorous insects in the wikiictvin turn regulates the severity
and distribution of damage incurred. Several mgioups of defensive compounds,
including iridoid glycosides, glucosinolates, andrplizidine alkaloids, are known to
vary across multiple scales (e.g., among populsfioividuals, branches, and
leaves), with such variation having demonstratéelces on herbivore feeding
decisions and plant performance (e.g., Bowers atiicR, 1989; Mauricio et al.,
1993; van Dam et al., 1995; Donaldson and Lindr2@®,7; Bidart-Bouzat and

Kliebenstein, 2008).
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In this study, we 1) evaluated phenotypic variatiothe iridoid glycosides
aucubin and catalpol in introduced populationsheforth American invader,
Verbascum thapsus (common mullein; Scrophulariaceae) and 2) eslatariation
in defense investment to damage by generalist Vads. Here we focus on aucubin
and catalpol for several reasons. First, iridoitgsides, a group of cyclopentanoid
monoterpene-derived compounds, are extremely comatauorring in more than 50
plant families (including Caprifoliaceae, DipsacaeeGentianaceae, Plantaginaceae,
Scrophulariaceae, Valerianaceae, and VerbenaceaerB 1991) with widespread
geographic distributions, and which contain sevspakies that are successful
invaders in North America (e.d-inaria spp.,Plantagospp., and/erbascunspp.).
Second, iridoid glycosides mediate plant-inse@rimttions in several systems (e.g.,
L’Empereur and Stermitz, 1990; Biere et al., 20D4;Deyn et al., 2004; Beninger et
al., 2008), with leaf-tissue concentrations reagliigh levels in terms of percent dry
weight (e.g., up to 17.4% innaria dalamatica Jamieson and Bowers, 2010). In
particular, aucubin and catalpol have been shovatt@as deterrents to generalist
herbivores (e.g$Spodoptera eridaniandLimantria dispar Bowers and Puttick,
1988; Puttick and Bowers, 1988) as well as attrdsti specialist herbivores (e.g.,
Euphydryas chalcedorendJunonia coenigBowers 1983, 1984; Bowers and
Puttick, 1988). Catalpol is more toxic to genetalthan aucubin (Bowers and
Puttick, 1988); as such, the ratio of aucubin talpal, as well as the total amount of
aucubin and catalpol present, is likely to influemerbivore feeding preferences.

We measured variation in iridoid glycoside containtwo distinct scales that

are likely to structure ecological interactionshwitisect herbivores, among
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populations and within individual plants. At thetlwn-plant level, we compared
young and old leaves. Young leaves are criticthéofuture growth of a plant, and
tend to be well-defended, while older leaves apecglly less-well defended (e.g.,
McKey, 1974, 1979; Coley, 1983; Krischik and Denh®33). For example, in
Plantago lanceolataanother introduced North American weed that dastaucubin
and catalpol, young leaves are consistently bddgnded by iridoids than old leaves
(e.g., Bowers and Stamp, 1992; Stamp and Bowegg}; &ler et al., 1995). In
addition to defenses, we estimated the severitaofage incurred by young and old
leaves across populations due to generalist, cligherbivores (predominantly
grasshoppers [Acrididae] and to a lesser extestgidlars [Noctuidae]) present in
mullein’s introduced range. We hypothesized thatdtwould be significant variation
in both iridoid glycoside investment and herbivarnpong populations. We further
hypothesized that young leaves would contain madeid glycosides than old
leaves, and that if aucubin and catalpol effecyidgter generalist herbivores, then 1)
patterns of chewing damage would track differentiaéstment in iridoid glycosides
between young and old leaves, and 2) increasireddef iridoid glycosides would be

correlated with decreasing levels of attack.

METHODS
Study System
Mullein is a (typically) biennial forb that was regtedly introduced to the
United States and Canada by European settlers sgubitifor its medicinal

properties and as a piscicide (Wilhelm, 1974; Geyg$s Werner, 1978; Turker, 2005).
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Introductions date back to the early 1600s (Mitit®89), and populations are now
established in all 50 states, with noxious statuSalorado, Hawaii, and South
Dakota. Mullein has a large native range, with gapons present throughout the
British Isles and Europe (including Scandinavia)the east in Russia and China, and
to the south in the Caucasus Mountains and Wesklienalayas (Clapham et al.,
1952; Werner and Gross, 1978). Plants in both #tieenand introduced ranges
typically grow in dry, sandy soils and often reguiianopy-opening disturbance to
facilitate recruitment (Gross, 1980). Individuatsrh a basal rosette in the first year
and overwinter before developing a large flowestajk that can produce up to
175,000 seeds (Gross and Werner, 1978).

Ecological differences exist between native andbaiced mullein, with
introduced mullein exhibiting increased populatiand plant-level performance
(Alba and Hufbauer, cf. Chapter 1). This incregsedormance is associated with a
shift in the prevalence and identity of herbivoremies on introduced relative to
native mullein populations (Alba and Hufbauer,Chapter 1). In particular,
introduced populations have partially escaped fseneral insect guilds including
caterpillars, weevils, leafhoppers, and aphids,taegl have completely escaped
attack by snails, across a widespread and aridbpaot their introduced range (sensu
theenemy releasbypothesis, Elton, 1958; Kean and Crawley, 208&8yitionally,
introduced mullein incurs significantly less damégechewing herbivores than its
native counterparts (Alba and Hufbauer, cf. Chapjef his reduced herbivory in
part reflects the fact that introduced mullein Basaped from the specialist caterpillar

Cucullia verbascL. (Noctuidae), which causes substantial damagleamative
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range (Maw 1980, Alba, pers. obs.). The main ldéafrers in the introduced range
are generalist grasshoppers (Woodman and Ferna@8ésAlba, pers. obs.) and
generalist noctuids (e.gAutographa californicdalfalfa looper] and unidentified
cutworms, Alba, pers. obs.). While grasshoppersata@ompletely fill the role of the
specialistC. verbascin terms of causing consistent and substantialaggnacross
mullein populations, they can, under some condsti@ause significant damage (e.g.,
up to an average of 25% leaf area missing in savpelptions [n = 20 plants]; Alba,
unpublished data). Introduced mullein is also &#ddoy two co-introduced
specialists, the seed-feeding weéfiinusa tetrgsyn. Gymnetron tetrumand the
cell-content feedeklaplothrips verbasci

In addition to its chemical defenses, mullein iagiy covered by trichomes
that deter feeding by generalist grasshoppers (Waodand Fernandes 1991) and
caterpillars (Alba et al., unpublished data). Intisalar, trichomes can affect patterns
of feeding within a plant when old leaves with feehomes are preferred over
young leaves that are more completely covered (Wmodand Fernandes 1991, Alba

et al. unpublished data).

Collection of Leaf Tissue for Iridoid Glycoside Aygs

We harvested young and old leaves from 10 randeimbgen, overwintered
rosettes from each of five mullein populations ialand Colorado (see Table 1 for
sampling dates and population characteristicsafadysis of iridoid glycoside
concentrations. Young leaves were positioned a2ther 3¢ rank out from the

center of the rosette and old leaves were postia¢he 2 or 3rd rank in from the
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outermost whorl of the rosette. Leaves were hagedestter herbivory scores were
assigned (see below). In many cases, we had tes$tanore young leaves than were
used to estimate herbivory in order to ensurewvteahad enough tissue for chemical
analysis. In those cases, we harvested leavesddjamsent leaf ranks, which typically
had similar levels of herbivory. All plant tissuesre oven-dried at 50 °C to a
constant mass and weighed to the nearest 0.01 gsS&ss variation in concentrations
of iridoid glycosides, young and old leaves frorsteplant were separately ground
into a fine powder from which we removed leaf toakes by passing samples over a
mesh screen. We then prepared 50-mg subsamplelsdorical extraction and
analysis by gas chromatography following previowsgcribed methods (e.g.,
Bowers and Stamp 1993). Briefly, the subsample® wgtracted overnight in
methanol and the extract was filtered off of th@aeing tissue under a vacuum. We
added an internal standard (phepfy-glucose) to the remaining sample and
partitioned the extract between water and ethesn@ve chlorophyll and
hydrophobic compounds. An aliquot of the remairsntution was removed,
evaporated, and derivatized with Tri-Sil*Z(Pierce Chemical Company) and
injected into a HP 7890A gas chromatograph (Agilethnology) using an Agilent
DB-1 column (30 m, 0.320 mm, 0.25 pum particle siggncentrations of these
compounds were quantified using ChemStation B-O3d¥tivare and they are
presented as percent dry weight for comparativpgaes (e.g., Fuchs and Bowers,

2004; Barton, 2007; Jamieson and Bowers 2010).
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Herbivory Estimates

We estimated chewing damage by insect herbivorédeesame leaves that
were collected for iridoid glycoside analysis (altigh, as noted above, in some cases
we harvested additional young leaves to ensurentbdtad enough tissue for
analysis). Damage estimates were made on threegyanahthree old leaves per plant
using the following scoring system: 0 = no leadtis missing; 1 = 1-10% of tissue
missing; 2 = 11-50% of tissue missing; 3 = 51-75%ssue missing; and 4 = greater

than 75% of tissue missing.

Statistical Analysis

All statistical analyses were conducted in SA(t, Cary, NC). Because
aucubin and catalpol were correlated (Pearsoni®letion coefficient = 0.862 <
0.0001), we initially assessed population and &g-variation in the percent dry
weight of both iridoids using multivariate ANOVAT1@x glm), with a repeated
measures statement to account for young and olésezollected from the same
plant. We included population, leaf age, and a faipn x leaf age interaction as
fixed effects. All effects were significant usingAMOVA (between-subject effects:
population, age, and populatisrage,P < 0.0001; within-subject effects: plant, plant
x population, plank age, and plant populationx age,P < 0.0001). As such, we
followed up with univariate ANOVA for each iridoids well as for the total percent
dry weight of iridoids, and the proportion of irids composed of catalpol (cf.
Jamieson and Bowers, 2010). All univariate ANOVAslided population, leaf age,

and a populatior leaf age interaction as fixed effects, and tregtmehg and old
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leaves from the same plant as repeated measueski{i®l et al. [1996] for a
description of how to construct repeated measwsiguhe glm procedure). We did
not include plant diameter or number of leaves esvariate in the models because
there was no relationship between plant size anmesiment in iridoid glycosides
(Pearson’s Correlation Coefficient for diametel009,P = 0.51; leaves = 0.2P, =
0.12). We used least mean squares with a Tuke gt to test all pairwise
comparisons of the fixed effects. All data weresare-square root transformed to
meet assumptions of normality.

The herbivory data contained only zeros for yoweayés at site B2 and for
young and old leaves at site ST, and did not metraptions of normality following
data transformation. We therefore used the rawih@npscores to create two
categories: undamaged leaves (herbivory scoreroj aead damaged leaves
(herbivory scores of 1-4). Treating the data thasy\allowed us to use a generalized
linear mixed model (GLMM) with a binomial distribah and logit link function
(proc glimmix) to test for differences in herbivaaynong populations and between
young and old leaves (Schabenberger, 2011). The & pkbcedure uses an “events
per trial” syntax, where an event is damage t@aé(gcores 1-4) and trials are the
number of leaves sampled. Therefore, each of th@akls sampled per population
had 3 trials for young leaves and 3 trials for lelaves, resulting in 30 trials for each
leaf age in each population. We included populatieaf age, and a populatierieaf
age interaction as fixed effects in the model, edted young and old leaves from
the same plant as repeated measures. Correlatidysmnshowed no relationship

between damage and plant diameter (Pearson’s atiorecoefficient = 0.222 =
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0.12), so we did not include plant size as a cat@arin the model. In order to allow
the model to converge on a solution, we includegl @rent in the B2 and ST datasets
for young leaves (i.e., 1 herbivory event out ofti@8ls, rather than 0 events out of 30
trials), and one event in the ST dataset for cdds. This change is conservative
with respect to our analyses, as it reduces diffgge in herbivory between young and
old leaves. We used least square means with a Tadjagtment to test all pairwise
comparisons of the fixed effects.

We explored whether and how the concentrationiddid glycosides present
in young and old leaves and the severity of dantagieose same leaves were
correlated with one another. We used correlatialysis because field data preclude
thea priori establishment of cause and effect between levelsfense investment
and herbivory (i.e., high levels of iridoids cowldter herbivory, or high levels of
herbivory could induce iridoids; see Discussiong ¥énducted two correlation
analyses. First, we determined the correlation betndefense and damage using all
data points from the five populations (n = 50 dadants for young leaves and 50 for
old leaves). Second, we used population averagesloid levels and damage to
generate relationships at the population scaleZrdata points for young leaves and
5 for old leaves). To estimate damage levels, vegaged the herbivory scores (0-4)
for the group of leaves for which iridoid conterasvmeasured. A square-root

transformation of the data improved normality andhbgeneity of variance.
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RESULTS

Iridoid Glycoside Content

Plant chemical defenses, measured as the coneentohtotal iridoid
glycosides, as well as separately for aucubin]malteand the proportion of iridoids
made up of catalpol, significantly varied amonguylapons and as a function of leaf
age (Figures 1 and 2, Table 2). For example, wheraging over leaf age,
population-level variability in the meast SE) concentration of iridoid glycosides
ranged from 1.63 0.43% dry weight in population LG to 5.831L.12% dry weight in
population B2. Additionally, leaf age was an impmittsource of variation, with
young leaves containing on averagerbore iridoid glycosides than old leaves
(Table 2). Indeed, young leaves contained a siganfly higher percent dry weight of
iridoids than old leaves in every population exc@pt(Figure 1). There was,
however, significant variability in iridoid conceations within age classes (with
young leaves averaging from 3 to almost 10% drygimgiand old leaves ranging
from 0.2 to 2% dry weight; Figure 1) depending lba population of origin (cf. the
significant populatiorx age interaction, Table 2). Finally, the proportajrthe more
toxic iridoid catalpol was significantly greateryoung leaves (0.75-0.85) than old
leaves (0.48-0.58) across all populations (Figumeo®e the lack of a populationage

interaction, Table 2).

Herbivory
The proportion of mullein leaves damaged by hen@swaried significantly

as a result of population and leaf age (Table B main source of variation among
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populations was the complete lack of damage tgodamyt in population ST. Across
populations, the proportion of young leaves witbwing damage was typically zero
and never exceeded 17% (population HG) of the keaaenpled in a given
population. Conversely, the proportion of old leadamaged was substantial,
ranging from 57% (population LG) to 87% (populatld®). As such, the proportion
of young leaves damaged was significantly less thanhof old leaves in all
populations except ST, where none of the leaves agacked, regardless of age
(Figure 3; Table 2). There was not a significateiaction between population and
leaf age (Table 2), suggesting that overall, tis¢ridution of damage between young
and old leaves did not differ across populationsh(#he only significant pairwise
differences being that old leaves of populatiorw&Fe significantly less damaged
than old leaves of all other populations).

We note here that although it is possible thabtbserved differences in
chewing damage between young and old leaves réfiedact that old leaves were
simply exposed to herbivory for a longer periodiofe, there is compelling evidence
that suggests otherwise. First, as part of a mtlateject, 30 introduced (U.S.) and 21
native (European) mullein populations were survepediamage using the same
basic protocol as detailed above, beginning onkyweek after the completion of the
surveys discussed here. We found that more thdmhgbung leaves on European
plants were damaged, in large part by the spetctaibivoreCucullia verbasci
(Noctuidae), relative to only 11% of young leavesmtroduced plants (Alba and
Hufbauer, unpublished data). This provides strondesnce that low herbivory levels

on young leaves in the introduced range refle& &woidance behaviors by generalist
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herbivores. Second, in laboratory feeding tridle, generalistrichoplusia ni
(Noctuidae) significantly preferred old mullein \&s to young when given a choice

(Alba and Hufbauer, unpublished data; n =R6; 0.02).

Relationship between Iridoid Glycoside Content kedbivory

Across all populations, there was a weak negasiagionship between the
concentration of iridoid glycosides and feeding dgmto young leaves (Figure 4a;
Pearson’s Correlation Coefficient = -0.24, n =BG; 0.09) and a much stronger
negative relationship between iridoid glycosideg harbivory in old leaves (Figure
4b; Pearson’s Correlation Coefficient = -0.60, 5GP = < 0.0001). A similar trend
was seen for the population averages (Pearsonteld@bon Coefficient for young
leaves = -0.25, n = B = 0.69; Pearson’s Correlation Coefficient for tddves = -
0.89, n = 5P = 0.04; see square symbols in Figures 4a and jpojoulation

averages).

DISCUSSION
We found significant variation in iridoid glycosidencentrations, as well as
in the proportion of iridoids composed of the mtmeic catalpol, at both large
(population) and small (within-plant) scales of pbag/pic structuring (Figures 1 and
2; Table 2). There was also significant variatiomerbivory at both of these scales
(Figure 3; Table 2), with the main source of vaoiatat the population scale being the
absence of damage to plants in population ST. @oiva analysis revealed that at

the population scale, higher levels of iridoids associated with lower levels of
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herbivory in old leaves, but not young (see sqsgmebols in Figure 4 for population
averages). However, these results are based ositeseonly, one of which is
particularly influential (population ST). As suc¢hegy must be interpreted with
caution, especially given that many factors othantdefenses likely contribute to
variation in herbivory across sites (e.g., top-daentrols over herbivore population
dynamics; Rosenheim, 1998; Mooney et al., 2010thEeuresearch surveying a
larger number of introduced populations across emii introduced range would
shed light on the ubiquity of the patterns obselvesct.

At the within-plant scale, the distribution of herdre damage clearly tracked
investment in defense, with damage being signiflgaskewed toward old leaves that
had low concentrations of iridoid glycosides anddo proportions of catalpol
(Figures 1-3). Correlation analysis also revedted increasing investment in iridoid
glycosides is associated with decreasing amourdammfige in old leaves (Figure 4).
This relationship was less apparent for young Isavepart because damage levels
were often zero. In fact, it appears that abovweeshold of ~6% dry weight of total
iridoids, herbivores completely avoided feedingnaullein (Figure 4). Overall these
findings reveal that generalist insects presentuiein’s introduced range encounter
both among-population and within-plant variatiorhwst plant quality, and
selectively feed on tissue lower in iridoid glyabsicontent.

Defensive compounds often vary among populationa fariety of reasons
ranging from underlying genetics and phenologyry rumber of environmental
factors that elicit a plastic response in plantg.(&€oley, 1983; Coley et al., 1985;

Fritz and Simms, 1992; Karban and Baldwin, 1997ed»and Marquis, 2005). It is
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likely that many or most of these sources contedub the variable iridoid glycoside
levels that we observed across our study locatiémsexample, it has been
previously shown that mullein populations exhilehgtically based variation in
iridoid glycosides, with average concentration®asrl4 populations ranging from
<1% to ~2.5% (in plants grown from seed under dgnease conditions; Alba et al.,
2011). Additionally, aucubin and catalpol are knawibe inducible irPlantago
lanceolata(Darrow and Bowers, 1999; Wurst et al., 2008; Bumhd Bowers, 2004),
which suggests that the population variation weeolesd was potentially mediated by
differential levels of insect attack across sitagthermore, differences in certain
environmental factors such as soil nutrient avditgbUV light, and temperature can
alter iridoid content (Darrow and Bowers 1999, dargki et al. 2000, Tamura 2001).
Regardless of the source of variation, these ieguticate that introduced mullein
represents a heterogeneous food source for nai@iee) generalist herbivores. Such
population-level variation is ubiquitous acrossesaV/plant species and defensive
compounds (e.g., Krischik and Denno, 1983; Zanagredl Berenbaum, 1990) and has
been demonstrated in other invasive weeds thaaromidoid glycosides (e.g.,
Plantago lanceolataAdler et al., 1995; Darrow and Bowers, 1997; Bay©2007; and
Linaria dalmaticg Jamieson and Bowers, 2010). Given that nativeilares often
adopt introduced species as host plants (e.gn&and Lawton, 1984; Bowers et al.,
1992; Singer et al., 1993; Graves and Shapiro, R@p@&ntifying such variation is of
interest within the context of herbivore populatadymamics as well as plant invasion

dynamics.
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In addition to pronounced population-level variatithere exists a marked
difference in iridoid glycoside investment betwsg@uing and old leaves. Highly
defended young leaves are typical of several aiygiems (e.g., Rhoades and Cates,
1976; Coley, 1983), which is consistent with thet that young leaves are often more
valuable to a plant than old leaves (sensu Optided#¢nse Theory; McKey 1974,
1979; Feeny, 1976). For example, young leaves ajlgicontain more nitrogen or
have higher photosynthetic rates than old leavestlaus make a potentially greater
contribution to future fitness than do old leave/iewed in Denno and McClure,
1983). Additionally, damage to expanding (meristeo)dissue can be particularly
problematic if it depresses subsequent growth @hil995). Indeed, in mullein’s
native range, where plants can sustain severe ogey@image to young leaves at the
center of the rosette (by the specialist noc@udullia verbasqj its ability to bolt
appears compromised (Alba, pers. obs.). More gépenaullein has low survival
and slow re-growth capacity if plants are mechdlyickefoliated while in the rosette
stage (van der Meijden et al., 1998). This lactotdrance to leaf damage suggests
that resistance to attack via chemical defensa<isicial strategy in mullein.

The observed patterns of damage to young and ale$e(Figure 3) reflect
previous work showing that generalist and speciaigects have different feeding
preferences (e.g., Cates 1980). Typically, gersrimsects, which are not tightly co-
evolved with their host plants and therefore maynoee susceptible to the plant’s
defenses, prefer old leaves with low concentrata@texins. In contrast, specialist
insects that have evolved to tolerate chemicalrefe prefer young leaves that are

very nutritious (Cates 1980). For example, simtitaour findings, van Dam et al.
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(1995) reported a significant decrease in pyrrdiig alkaloids with leaf age in
Cynoglossum officinajehis decrease was associated with the clearnerefe of
several generalist herbivores with different fegdimodes Klelix aspera, Lyriomyza
trifolii, Frankliniellia occidentalis,andSpodoptera exigudpr poorly defended older
leaves. However, this pattern is not always seea.dtudy witHPlantago lanceolata
Bowers and Stamp (1993) reported that the genehaibivoreSpilosoma congrua
preferred young leaves with high iridoid glycosamtent to old leaves with low
content. However, these leaves are also higheaternand nitrogen, which may also
be important for generalist herbivore feeding prefiees (Bowers and Stamp 1993).
Such findings reveal that even for the same chdroarapounds (aucubin and
catalpol), feeding preferences can greatly difegpehding on both the plant and
herbivore species involved in the interaction. Hegre given that the damage
estimates presented herein capture the feedinyioebaf a suite of native
herbivores on introduced mullein, the avoidancgaing leaves appears to be a
robust pattern in this case.

The correlation analysis reveals that increasinguarts of iridoid glycosides
are associated with decreasing amounts of herbolemage within leaf age classes
(Figure 4). These results enable us to more clemdign a deterrent effect to iridoid
glycosides, which we aimed to do because the bligtan of trichomes on mullein
plants covaries with iridoid glycoside content.(iy@ung leaves are better defended
by both trichomes and iridoids than old leaves; Woan and Fernandes 1991; Alba
et al., unpublished data). In particular, thereegpp to be a significant deterrent

effect of iridoids to herbivores feeding on oldvea (Figure 4) that are not well
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protected by trichomes. Structural defenses suthch®mes can be costly to
produce and maintain (Hare et al., 2003). In thiseg the high investment in both
trichomes and iridoids in young mullein leaves padeg further evidence that these
tissues are highly valuable to the plant. By extanghe limited ability of generalist
chewing herbivores to feed on young leaves mayesgmt an important contribution
to mullein’s increased performance in North Ameligtba and Hufbauer, Chapter
1).

Here we demonstrated that chemical defenses imtasive weed/erbascum
thapsusvary significantly across populations and plassuies (i.e., leaf age), and that
within-plant variation in iridoids is a key featuegplaining patterns of herbivory.
These findings reveal that ecological interactibesveen introduced plants and
generalist herbivores have the potential to afiat performance, and subsequently,

invasion dynamics.

92



Table 3.1. Summary of sampling locations for herbivory and iridoid glycoside content of mullein plants

Location

Beaver 1

Beaver 2
Strawberry

Reservoir

Logan

Hewlett Guich

State

2]

uT

uT

CcO

Cco

Site ID _Sample Date Latitude (N). Longitude (W)

Elevation (m)

Site Characteristics

B1

B2

ST

LG

HG

6/1/2010

6/1/2010

6/2/2010

5/22/2010

5/27/2010

38.304111, 112.837642

38.419186, 112.713906

40.182913, 111.050444

40.650061, 102.741167

40.701733, 105.314656

2043

2043

1765

2092

1269

Burned (2007) area on BLM land;
sagebrush-dominated uplands;
sedge and forb-rich lowlands

Burned (2007) area on BLM land;
steep slope with weedy plants
including Bromus inermis and
Bromus tectorum .

Roadside population; highly
disturbed with minimal vegetation

Conservation Reserve Program land;
seeded with erosion-controlling
bunchgrasses; weedy plants present
(e.g., Bromus tectorum, Medicago
sativa)

Trailside population on burned (2005)
National Forest Service land;
mixture of weedy plants (e.g.,
Bromus tectorum) and native species

93



Table 3.2. ANOVA results of the effect of population, leaf age, and the interaction of population and leaf age on the percent dry weight of the iridoid
glycosides (IG) aucubin and catalpol, the total percent dry weight of I1Gs, the proportion of IGs composed of catalpol, and the proportion of leaves
damaged by herbivores.

Source Aucubin Catalpo TotalIG Proportion Catalpo Herbivory
F(df) P F(df) P F(df) P F(df) P F(df) P

Fixed Effects

Population 14.5(4) <0.0001 24.5(4)  <0.0001  23.2(4) <0.0001 85(4)  <0.0001 2.5(4) 0.05

Leaf Age 198.9(1)  <0.0001 767.1(1)  <0.0001  625.1(1)  <0.0001  434(1)  <0.0001 17.1(1) <0.0001

Population x Leaf Age 38.7(4) <0.0001 31.3(4) <0.0001 35.9(4) <0.0001 3.2(4) 0.02 0.82(4) 0.52
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Figure 3.1. Mean percent dry weightQE) of the iridoid glycosides aucubin and
catalpol in the young (Y) and old (O) leaves ofnpéa(n = 10) from five mullein

populations in Utah and Colorado, USA. Populatibbraviations as in Table 1. See
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CHAPTER FOUR

CHEMICAL DEFENSES INVERBASCUM THAPSUEOMMON MULLEIN) ARE

OPTIMALLY DISTRIBUTED IN RELATIONSHIP TO SPECIALISTAND

GENERALIST HERBIVORES IN ITS NATIVE AND INTRODUCEIDRANGES
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OVERVIEW

Optimal defense theory posits that insect herbwai as a major selective
force on their plant hosts, and that plants withitied resources deploy defenses
based on the value of different plant tissues (gaung versus old leaves) and their
probability of attack. However, what constitutesimal defense depends in large part
on the identity of the herbivores involved in théeraction. In particular, generalists,
which are not tightly coevolved with the many hagt®n which they feed, are often
effectively deterred by chemical defenses, whil@yneoevolved specialists use these
same chemicals as oviposition and feeding cues. ilfposes an “evolutionary
dilemma” because generalists and specialists epgxising selection pressure on
plant investment in chemical defense, and theredotéo stabilize defenses at
intermediate levels. Here we take advantage oh#teral shift in herbivore
community composition that typifies many plantsasmns to test a key combined
prediction of optimal defense theory and the evoh#ry dilemma model: that
defense levels of young and old leaves track tlagive importance of specialist and
generalist herbivores in the community. We usenahpopulations o¥/erbascum
thapsugcommon mullein) exposed to ambient herbivory smiative range (where
specialists and generalists are prevalent) anddotred range (where generalists are
prevalent) to illustrate significant differenceglie way iridoid glycosides are
distributed among young and old leaves. Importatilyh-quality young leaves are
6.5x more highly defended than old leaves in the intoedl range, but only<2more

highly defended in the native range. This diffef@nhvestment in defense of young
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and old leaves is tracked by patterns of chewingadge to those same tissues, with
damage restricted mostly to low-quality old leawethe introduced range, but not the
native range. Given that overall investment (avieigigver leaf age) in defense
investment does not differ between ranges, thestsethe potential for introduced
mullein to benefit from a fitness gain simply bytiopzing the within-plant

distribution of defenses in the absence of imparsgecialist herbivores.
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INTRODUCTION

The role that plant-insect interactions servehiapng the abundance and
distribution of plants has received much attenbgrecologists (Crawley 1989), both
historically and in light of the fact that herbiesrhave the potential to affect invasion
dynamics (e.g., Maron and Vila 2001, Keane and &a®002). A major
cornerstone of research on the evolutionary ecobdgyant-insect interactions is
optimal defense theory (McKey 1974, Rhoades andsCH376). This theory states
that herbivores represent a key selection pressupant defenses, and that, because
resources are limited, plants will optimally depligfenses in relationship to 1) the
value of different tissues and 2) the probabilitsttsuch tissues would be attacked if
not chemically defended. The ability of optimal elede theory to predict the within-
plant distribution of chemical defenses has prawdust across plant taxa and
different classes of chemical compounds (Van Daal.€t996, Zangerl and Rutledge
1996, Ohnmeiss and Baldwin 2000, cf. the recenaraatlysis by McCall and
Fordyce 2010). In particular, numerous studies ltgraonstrated that nutritious,
high-quality young leaves are better defended thdmeaves (e.g., Coley 1983,
Krischick and Denno 1983, McCall and Fordyce 2040Y yet may be more heavily
attacked by herbivores that can overcome chemefahdes (Coley 1980, Coley
1983). Given that young leaves represent a greatential contribution to a plant’s
lifetime fitness than do old leaves (Denno and Me€1983, Harper 1989), their
preferential attack by herbivores should imposersirselection for high levels of

defense. This scenario leads to the observed pdttat high investment in defenses
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is nonetheless associated with high levels of ltt8lcough robust, this pattern is not
always seen, for example when herbivores prefégdd on less defended (albeit less
nutritious) mature leaves (Louda 1984, van Dam.€t9®5, Andrew and Hughes
2005). As such, the relationships between leafaageherbivore damage depends in
large part on the herbivores involved in the intéoa (Cates 1980).

Indeed, not all herbivores are created equal, andjar challenge to plants is
that they are attacked by both generalist and afigtoenemies. Generalists, which
are not tightly coevolved with the many hosts updnich they feed, are often
effectively deterred by chemical defenses (Cat&9)19n contrast, many coevolved
specialists are undeterred by these same chenmacalsn fact use them as
oviposition cues and feeding stimulants (Cates 1L98(ls imposes an “evolutionary
dilemma” (van der Meijden 1996) because generadistsspecialists exert opposing
selection pressure on plant investment in chendednse (van der Meijden 1996,
Lankau 2007). Plants that have developed a rictctrommunity comprising both
generalists and specialists (e.g., those thatedaévely abundant and widespread,
with long evolutionary histories in their nativenemunities; Strong et al. 1984) are
therefore predicted to undergo stabilizing selecta chemical defense (van der
Meijden 1996, Lankau 2007). By extension, it campteicted that a major shift in
the insect community on a plant should elicit cremngither fixed or environmentally
plastic) in chemical defense in order to maximigeks in the new environment.
Thus a key combined prediction of optimal defets®ty and the evolutionary
dilemma model is that defense levels of young dddeaves should track the relative

importance of specialist and generalist herbivardbe community. Accordingly, if

112



specialists are prevalent, defenses that theysiadtractants should be selected
against, while if generalists dominate, those sdeafenses should be selected for.
Evidence for such shifts would validate both optidefense theory and the
evolutionary dilemma model, but unfortunately, mestearch on these ideas focuses
on patterns of defenses found in greenhouse expet&nor among natural
populations that do not differ systematically imntfieore composition (McCall and
Fordyce 2010).

Empirical validation of the optimal defense andlationary dilemma models
has direct relevance in the context of invasioesalise both theories are
foundational to the branch of invasion researchfthauses on plant-insect
interactions. Most notably, thevolution of increased competitive abil{yICA;
Blossey and No6tzold 1995) hypothesis draws ondhets of optimal defense theory
by invoking herbivores as the main selective agentostly plant defenses. EICA
predicts that invasive species evolving in commesitlevoid of enemies will
reallocate resources from defenses to growth gndection. More than a decade of
research in this area has revealed that whileiptstduction evolution of plant
competitive ability is common, attendant changedafense allocation are variable,
ranging from the proposed decrease in defensetmees, to no change, to actual
increases (reviewed in Hinz and Schwarzlaender 2B0dsdorf et al. 2005, Orians
and Ward 2010). Mller-Scharer et al. (2004) predid needed refinement to the
EICA hypothesis by stressing that invasive planésadten colonized by generalists
in their new range, and must therefore continuewest in chemical defenses against

them. Indeed, introduced plants that are released the evolutionary dilemma of
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simultaneous attack by specialists and generalistpoised to invest more highly in
chemical defense than their native counterparts ¢est Meijden 1996). Under these
conditions, increased competitive ability is thoutghstem from decreased
investment in quantitative defenses effective agaspecialists (Muller-Scharer et al.
2004). The refined EICA hypothesis has been supgdoart several systems (e.g.,
Joshi and Vrieling 2005, Stastny et al. 2005). Heaveit is still the case that evolved
increases in growth and reproduction are not nacksassociated witany
significant shifts in plant chemical defense (assueed directly or via feeding
damage to native and introduced genotypes; Willed.e1999, Buschmann et al.
2005, Genton et al. 2005, Hull-Sanders et al. 287a et al. 2011). In sum, the lack
of a consistent pattern makes it difficult to gexliee about the role that escape from
enemies serves in shaping defense phenotypes tamdtely fitness in introduced
plants.

Here we propose that a key gap in evidence famagpallocation of defenses
can be filled using the natural experiments represkby plant invasions in which
the native and introduced ranges differ in thetnedamportance of specialist and
generalist herbivores. Simultaneously, the predictiamework established by the
EICA hypothesis and its later refinement would tsergythened if they more fully
incorporated the predictions of optimal defensethdédy taking into account within-
plant variation in chemical defense.

To our knowledge, variation of defenses in plasdues of different value has
not been assessed in native and introduced indilsdaf an invasive species, despite

the fact that adaptive shifts in defense are likelynanifest at this scale. We used
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natural populations dferbascum thapsysommon mullein) exposed to ambient
herbivory in its native and introduced ranges ligstrate significant differences in the
way chemical defenses (iridoid glycosides) arerithgted among leaves of different
value, although average investment in defense dokegiffer between ranges. We
also show that differential investment in defensmag leaves is tracked by patterns
of chewing damage to those same leaves, and theggiais restricted mostly to
lower-quality leaves in the introduced range, mitthe native range. We additionally
illustrate that specialist and generalist herbigarspond to chemical defenses in a
predictable manner, with generalists typically shhgnavoidance behavior and

specialists showing attraction.

METHODS

Study System

Mullein is a monocarpic perennial (typically bieahiforb that was
introduced to the United States from Western Eul@ess and Werner 1978). It is
widely distributed in its native range, presenbtighout the British Isles and Europe
(including Scandinavia), to the east in Russia@huha, and to the south in the
Caucasus Mountains and Western Himalayas (Clapbham¥52, Gross and
Werner 1978). Since its introduction it has estdit@d populations in all 50 states in
the US and is designated as noxious in ColoradathSoakota, and Hawaii.
Mullein’s ethnobotanical history is well documentsgtause it contains several
useful compounds, including saponins, which arel @sean expectorant to treat

coughs; rotenone, which is toxic to fish and cam$ed as a piscicide; and iridoid
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glycosides, the focal compounds of this study, Whaie used medicinally in various
contexts (Wilhelm 1974, Turker 2005). Mullein wasroduced to the northeastern
U.S. in the early 1600s by English settlers whaigha it with them to plant in their
herb gardens (Mitich 1989). A second introductigarg occurred in the 1700s, when
English and German settlers of Appalachia, wholbad used mullein as a piscicide,
included it in their New-World botanical arsenali(NMélm 1974, Gross and Werner
1978). Mullein quickly spread from its points ofrioduction, reaching Michigan by
1839 and the Pacific Coast by 1876 (Brewer et@&l9]1 Gross and Werner 1978).
Mullein has several characteristics of weedy invadecluding wide climatic
tolerances, prodigious seed output, and heavyitewnt in response to disturbance
(Gross 1980, Parker et al. 2003). It typically gsaw sandy, well-drained soils,
requires full light to germinate, and is relativatyolerant to shade (Gross and
Werner 1978, Reinartz 1984a).

Marked ecological differences exist between nadive introduced mullein
populations. In a previous study including 21 natwnd 30 introduced populations
(of which the populations evaluated herein fornulasgt), we showed that introduced
populations are larger and more dense than natipalations, and introduced plants
have significantly more leaves and tend to havgeladiameters (cf. Chapter 1). This
increase in performance is associated with mubgpairtial or full escape from
several herbivore guilds (including caterpillargewils, leafhoppers, aphids, and
snails) that are important in the native rangehét earlier study, we estimated
herbivore damage to whole plants (in contrast éontlore refined estimates in the

current study focused on young and old leaves -bsksv) and found a significant
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reduction in chewing damage to leaves (cf. Lewil €2006 for an explanation of the
scoring system used). Importantly, the main leafxdr in the native range is a
specialist caterpillarGucullia verbasc{mullein moth, Noctuidae]), which feeds
almost exclusively oWerbascunspp., and rarely on other iridoid-containing psant
in the Scrophulariaceae (Maw 198CGculliawas once considered as a biological
control agent on mullein because of its specifiaityl ability to cause substantial
damage (Maw 1980). In contrast, the main leaf chewethe introduced range are
generalist grasshoppers (Acrididae) and to a lesdent generalist caterpillars (e.qg.,
Autographa californicdalfalfa looper, Noctuidae] and unidentified cutwes, Alba,
pers. obs.). Indeed, grasshoppers are actually prev@lent on introduced than
native mullein (cf. Chapter 1) and under certainditons cause substantial damage
(e.g., up to an average of 25% leaf area missisgine Colorado populations; Alba,
unpublished data). Introduced mullein is also &#ddy two co-introduced
specialists, the seed-feeding wedfilinusa tetrgsyn. Gymnetron tetruinand the
cell-content feedeHaplothrips verbasci The majority of weevils and the thrips
migrate from the vegetative portions of the planthte inflorescence once bolting
initiates.

Mullein produces the iridoid glycosides aucubin aathlpol. Iridoid
glycosides are a group of cyclopentanoid monotermrived compounds that are
present in many plant families with wide geograghstributions (e.g.,
Caprifoliaceae, Dipsacaceae, Gentianaceae, Plaatagie, Scrophulariaceae,
Valerianaceae, and Verbenaceae; Bowers 1991)idsdteter generalist herbivores

(e.g.,Spodoptera eridaniagPuttick and Bowers, 1988) while at the same time
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attracting specialists that use them as feedingoaipbsition cues (e.gguphydryas
chalcedonaandJunonia coeniaBowers and Pulttick, 1988). Because catalpol iemo
toxic to generalists than aucubin (Bowers and Elyti988), the ratio of these two
compounds, as well as their total amount, is likelinfluence herbivore feeding
preferences. In a previous study with mullein, wenid that native and introduced
plants grown from seed under common greenhousatmrslexhibit significant
population-level variation in whole-plant iridoidygoside content. However, in
contrast to what is predicted by the EICA hypotbesid its later refinement, we did
not find any difference in whole-plant iridoid irstenent, or in investment in two
structural defenses (trichomes and leaf toughnbssj)een ranges. Despite the lack
of a range-level shift in defense investment, wentbthat introduced populations had

significantly greater shoot biomass (Alba et allP0

Collection of Leaf Tissue for Iridoid Glycoside Aysas

To estimate within-plant variation in chemical elefe, we harvested young
and old leaves from 8 to 10 bolting plants in eath native and 6 introduced
populations (native range, n = 57 plants; introdu@ge, n = 58 plants; see Table 1
for location information). Young leaves were colktfrom the 2 or 3° rank from
the top of the bolt and old leaves were collectechfthe 2% or 3% rank in from the
base of the stalk, taking care to avoid senes@ackte Leaves were harvested after
herbivory scores were assigned (see below). In masgs (in both ranges) we had to
harvest more young leaves than were used to estimegbivory to ensure that we had

enough tissue for chemical analyses. In those cagelkarvested leaves from
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adjacent ranks. All plant tissues were oven-drigslla’C to a constant mass and
weighed to the nearest 0.01 g. The dried matewal gvound to a fine powder and
leaf trichomes were removed by passing samplesawgsh screen. We then
prepared 50-mg subsamples for chemical extractidreaalysis by gas
chromatography following previously described meth¢e.g., Bowers and Stamp
1993). Subsamples were extracted overnight in methend the remaining material
was separated from the extract by filtering thegasunder a vacuum. We added an
internal standard (phenglbd-glucose) to the extract and partitioned it betweeter
and ether to remove chlorophyll and hydrophobic poomds. An aliquot of the
remaining solution was evaporated and derivatizitd Viri-Sil-Z™ (Pierce Chemical
Company) prior to injection into a HP 7890A gasochatograph (Agilent
Technology) using an Agilent DB-1 column (30 m,ZD3nm, 0.25 um particle size).

Iridoid compounds were quantified using ChemStaBe®d3-01 software.

Herbivory Estimates
Herbivore chewing damage was estimated on the &sames that were

collected for iridoid glycoside analysis (althougis,noted above, in some cases we
harvested additional young leaves to ensure thdtadesufficient tissue for analysis).
Damage estimates were made on three young anddiaréssaves per plant using the
following scoring system: 0 = no leaf tissue migsih = 1-10% of tissue missing; 2 =
11-50% of tissue missing; 3 = 51-75% of tissue mggsand 4 = greater than 75% of
tissue missing. Damage intensity was then caladllayeaveraging the 3 damage

scores assigned to each set of young and old Igmrgdant.
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Statistical Analyses

Iridoid Glycosides

All statistical analyses were conducted in SAS(t, Cary, NC). Because
aucubin and catalpol were correlated (Pearson’se@ion Coefficient = 0.58 <
0.0001), we initially used multivariate ANOVA tosess the effects of range (native
or introduced), leaf age, and a rangleaf age interaction on the percent dry weight
of aucubin and catalpol. We constructed the emonfage*population(range)] such
that populations were treated as the equivaleatsglit plot from which both young
and old leaves were drawn. When significant effaetee found using MANOVA,
we proceeded with univariate ANOVA for aucubin aiadialpol separately, as well as
for the total percent dry weight of iridoid glycdss and the proportion of iridoids
composed of catalpol. We constructed mixed modélstive same fixed effects used
in the MANOVA, but with a modified random (erroBrin [age*plant(population
range)] that treated plants as the equivalentsgiiaplot from which both young and
old leaves were drawn (insufficient degrees ofdoee constrained fitting this term in

the MANOVA above). All dependent variables weresare-square root transformed.

Herbivory

We first evaluated the proportion of leaves damdgehlerbivores and the
intensity of herbivore damage using the full compdat of populations for which we
sampled herbivory (native range, n = 14; introduaede, n = 21; Table 1). We then
ran the same models again using only the subgmimflations for which we

conducted iridoid glycoside analyses (n = 6 in earige). We used the same fixed

120



and random effects as in the univariate mixed neofieliridoid glycosides. We used
a generalized linear mixed model (GLMM) with a himal distribution and logit link
function (proc glimmix) to test for differencestime proportion of leaves damaged

(Schabenberger 2011), and a mixed model ANOVAgbfte differences in damage

intensity. Damage intensity scores were squaretransformed prior to analysis.

Correlation between iridoid glycoside content apdbivory

We generated Pearson’s Correlation Coefficiene/aduate the relationship
between 1) percent total iridoid glycosides anth2)proportion of iridoids composed
of catalpol and damage intensity to young and eddés in each range. The iridoid
variables were arcsine-square root transformedfatierbivory scores were square-
root transformed. We used correlation analysis bz is difficult to establish
cause and effect between levels of defense investamel herbivory in the field (i.e.,
high levels of iridoids could deter feeding, orde®y could induce high levels of

iridoids).

RESULTS
Iridoid Glycoside Content
The percent total iridoid glycoside content of ygue@aves ranged from a
minimum of 1.2% in native population CH1 to a maximof 9.5% in introduced
population WY3. Old leaves in both ranges had loswarage iridoid content than
young leaves, ranging from 0.50% in introduced pagan MT9 to 3.8% in native

population MAL. For both ranges and leaf ages/paltavas the more prevalent of
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the two iridoids, ranging from a minimum of 0.12f%ald leaves in the native range
to a maximum of 7.6% in young leaves in the intimetirange (in comparison to a
minimum of 0.07% aucubin in old leaves in the idtroed range and a maximum of
0.94% in young leaves in the introduced range). NIA&OVA results showed that
range did not explain a significant proportion loé tvariability in aucubin and
catalpol (Wilk'sh = 0.94;F = 0.26,,9;, P = 0.77), while leaf age (Wilk's = 0.21;F =
0.17.22,9y P = 0.0008) and the rangeleaf age interaction (Wilk'a = 0.33;F =
9.32,9; P = 0.006) were highly significant.

Univariate ANOVA of percent aucubin and catalpabwkd that neither
compound significantly differed by range (auculmiative mean = 0.26, 95% CI
=0.14-0.41; introduced mean =0.19, 95% CI = 0.(B0catalpol: native mean =
1.13, 95% CIl = 0.41-2.22; introduced mean = 1.6 Tl = 0.37-2.13; Table 2).

For aucubin, there was a significant effect of @geing leaves, mean = 0.27, 95% CI
=0.18-0.37; old leaves, mean = 0.18, 95% CI =0.2¥), and a pronounced range
age interaction (native range: young leaves, me@24, 95% CI = 0.13-0.38; old
leaves, mean = 0.28, 95% CI = 0.16-0.43; introdueede: young leaves, mean =
0.30, 95% CI = 0.18-0.46; old leaves, mean = ®5% CI = 0.04-0.21). This
significant interaction illustrates that while imet native range aucubin is higher in old
leaves than in young, the opposite is true intitduced range. Percent catalpol
also varied significantly by leaf age (young legvasan = 2.34, 95% CIl = 1.57-3.26;
old leaves, mean = 0.32, 95% CI = 0.08-0.72), beite was not a significant range
age interaction (Table 2). The percentage of leafgkight made up of total iridoid

glycosides did not differ by range, but as withwéhio and catalpol, there was a
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significant effect of age (Table 2, Figure 1a). ieheas also a significant rangeage
interaction (Figure 1a) showing that young leaveshetter defended in the
introduced range than in the native range, detiptdact that average investment in
defense does not differ by range. The proportiomiadids composed of catalpol
differed only as a function of leaf age (Table Byufe 1b). Finally, the random effect

of population was highly significant for all depemd variables (Table 2).

Herbivory

Averaging over leaf age, the proportion of leadasaged in the native range
(meant SE = 0.58 0.12) was significantly greater than the propartiamaged in
the introduced range (mearSE = 0.36+ 0.09;F = 9.G,33; P = 0.004). In both
ranges the proportion of young leaves damaged egasthan the proportion of old
leaves (f1,763y= 219.3;P < 0.0001 for both ranges), but a significant rardeaf age
interaction (1 7e3y= 27.9;P < 0.0001; Figure 2) illustrates the much larger
discrepancy in attack between young and old leawvtee introduced relative to the
native range (Figure 2). For the model that inctudely the populations used in the
iridoid glycoside analyses, the range effect becaaresignificantf;,11y= 3.5;P =
0.09), but the agd-(;,311)= 102;P < 0.0001) and rangeage interactionR,311)=
8.1;P = 0.005) remained highly significant. The sevedtylamage to leaves did not
significantly differ between ranges when averagimgr leaf ageK 33 = 3.6;P =
0.07) but did differ as a function leaf ad&1(e3= 268;P < 0.0001 for both ranges),
and there was again a significant raxgege interactionR;,763= 19.3;P < 0.0001)

that followed the same pattern as found for the@rioon of leaves damaged. The
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results for the model that included only the popates used in the iridoid glycoside
analyses were qualitatively similar (ran@: 0= 3.1;P = 0.11; ageF 210)= 77.1;

P < 0.0001; range age:F(1210= 8.1;P = 0.005).

Correlation between iridoid glycoside content apdbivory

For young leaves in the native range, there wagraficant positive
correlation between percent catalpol, percent tatdid glycosides, and the
proportion of iridoids composed of catalpol and skgerity of damage (Table 3). In
contrast, none of the iridoid measurements weeggelto the severity of herbivory to
young leaves in the introduced range, in large Ipacuse young leaves were so
rarely attacked (Table 3; Figure 2b).

Percent aucubin was not related to the severitdanfage to old leaves in the
native range, but was highly negatively correlatéth damage in the introduced
range (Table 3). Percent catalpol was negativealsetaied to damage to old leaves in
both ranges. There was only a marginally significeegative relationship between
total iridoid glycosides and herbivory in the natrange (Table 3 = 0.07), and a
much stronger negative relationship in the intredliange (Table 3). Finally, the
proportion of iridoids composed of catalpol wasategly related to damage in the

native range, but not in the introduced range (@&l
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DISCUSSION

Here we have shown that iridoid glycosides areibisted in native and
introduced mullein plants as predicted by optinefedse theory (Mckey 1974,
Rhoades and Cates 1976). In both ranges, youngdeae significantly better
defended than old leaves, both in terms of totabid content and the proportion of
iridoids composed of the more toxic catalpol (Feg@y a and b). However, while
young leaves of native plants have an averageidriglgcoside content that is %2
greater than old leaves, young leaves of introdytacts have an average 8.5
greater content (Figure 1a). This dramatic shitillacation is consistent with
introduced mullein having been released from th@wionary dilemma that arises
when the same compounds that are used to defentstaganeralists simultaneously
attract specialists (van der Meijden 1996). Speaily, we hypothesize that in the
absence of the specialist leaf chewgucullia verbasciintroduced mullein is free to
deploy higher maximum iridoid concentrations thawiable in the native range.
Given that overall investment (averaging over bgd) in the percent total iridoid
glycosides does not differ between ranges, thestsethe potential for introduced
mullein to enjoy a fitness gain simply by optimigithe within-plant distribution of
defenses in its nevC{cullia-free) environment. The difference in defense allion
apparent in natural field populations could beegifixed or an environmentally
plastic response to attack. However, levels ofstwent in many chemical defenses,

including iridoid glycosides, are heritable (eBerenbaum et al. 1986, Marak et al.
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2000, Wright et al. 2004); as such, the variat®hkiely to be at least partially
genetically based.

The proportion of iridoids made up of the morei¢casompound catalpol is
also higher in young than old leaves in both rar{§esure 2b). However, unlike the
percent total iridoids, the proportional investmentatalpol is nearly identical
between ranges. This could represent a constraititeobiosynthetic pathway that
produces catalpol from its precursor aucubin (D&nit@94). Alternatively, it appears
that herbivores in the introduced range are dedesimaply by the presence of either
iridoid, avoiding both aucubin and catalpol thapiesent in old leaves (Table 3).
Given that converting aucubin to catalpol represantextra step in the biosynthetic
pathway and likely an increased cost of defensedi@géazon 1994), there may be
little selection for increased proportions of catdlin the introduced range.

Chewing damage by herbivores is less prevalentemsidsevere on young
than old leaves in both ranges. However, the diserey between attack to young
and old leaves is much smaller in the native raitigsirating that native plants lose
significantly more high-quality tissue than theitroduced counterparts (Figure 2, a
and b). One prediction of optimal defense theotha the best-defended tissues
should also be those most vulnerable to attackérabsence of chemical defense
(McKey 1974). This part of the theory is not oftnsidered in the context of
invasions, where the probability of attack willfdif depending on whether generalists
or specialists are important herbivores. In mulkeimative range, wher€. verbasci
as a native specialist herbivore, likely uses iddas feeding and oviposition cues

(as has been found for other specialists on irigbydoside-containing plants,
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reviewed in Bowers 1991), an absence of iridoidsld/ampair the moth’s ability to
find its host plant, leading to less feeding daméagéhe introduced range, where
mullein is free from specialist chewers, a reductioiridoids would lead only to
increased attack by generalists. As such, youngteen the introduced range can be
effectively protected from attack with increasiegéls of iridoids, while young
leaves in the native range risk attack whether treydefended or not. The
significant rangex leaf age interaction for percent total iridoid gbgides (Figure 1a)
thus provides support for optimal defense theory imique context.

The correlation analysis between iridoid glycosidatent and the severity of
herbivore damage reveals several interesting pattér the native range, the
relationship between iridoid investment and herbiaearly differs between young
and old leaves. For young leaves, percent catghgotent total iridoids, and the
proportion of iridoids composed of catalpol arepaltitively correlated with feeding
damage. This pattern is consistent with the spstf@l verbascbeing attracted to
leaves with high iridoid content. Conversely, hedoy to old leaves of native plants
is negatively correlated with percent catalpolcpet total iridoids, and the
proportion of iridoids composed of catalpol. Thslicates a deterrent effect and
suggests that generalist feeders are involvedeintieraction. It further suggests that
native generalists partition themselves onto olei@ves with lower iridoid content. In
the introduced range, there was no relationshigvdset any measure of iridoid
content and herbivory to young leaves, which is iutae fact that young leaves
were rarely attacked at all (Figure 2a). In corttrgsneralist herbivores were able to

feed on older leaves with lower iridoid contentgilifie 2, a and b), although
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increasing amounts of aucubin, catalpol, and tatiids all had a significant
deterrent effect on feeding (Table 3). Interesgmnglgher concentrations of percent
aucubin were associated with decreased feedinggimadhe introduced range, but
not the native range; conversely, higher propostiohiridoids composed of catalpol
were associated with diminished damage in the eatimge, but not the introduced
range (Table 3). This suggests that while iriddidse an overall deterrent effect on
generalist feeders in both ranges, different aspefathe chemical profiles inform
feeding decisions in each range.

By taking advantage of the natural shift in therapeommunities associated
with mullein in each range, we were able to tesinagl defense theory in a novel
way. Our findings provide support for the theorgttbin terms of the within-plant
distributions of defense and herbivory with resgeqtlant tissue value, and more
broadly by illustrating that herbivores indeed agp®e represent a major selective
force on plant chemical defenses. Our findings plewide an additional refinement
to the EICA hypothesis, and have the potentiakjgasn the variable trajectories
associated with post-introduction shifts in defeinsestment. For example, several
previous studies have reported increased perforenanatroduced plants that do not
exhibit associated changes in defense investmeititq\&f al. 1999, Buschmann et al.
2005, Genton et al. 2005, Hull-Sanders et al. 287a et al. 2011). In these studies,
defenses were measured at the whole-plant scdlgwriconsidering the distribution
of defenses among plant tissues of different vatoe differences in herbivory

among tissues of different value). Here we hawsiithted that changes at the within-
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plant scale may be particularly common in the cxtstef invasions, and represents a

potentially important adaptive shift that deserftether study.
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Table 4.1. Mullein populations sampled for herbivory and iridoid glycoside content*

Plants
Sampled
for Mean Annual
Population Code Country/State Herbivory Latitude (N) Longitude (E) Elevation (m) Precipitation (cm)
Native (EU)
MA1 Macedonia 10 41.297903 21.097853 674 49.0
CH2 Switzerland 5 47.335256 7.115103 695 107.0
CH3 Switzerland 7 47.341156 7.317797 442 107.0
CH1 Switzerland 20 47.359325 7.364636 416 107.0
P3 Czech Rep. 8 49.874744 14.437797 254 66.7
p2 Czech Rep. 6 49.999106 14.559139 300 47.0
P5 Czech Rep. 12 50.064025 14.485831 228 47.0
P4 Czech Rep. 1 50.785525 14.458558 423 47.0
BE2 Belgium 15 50.927214 4.424692 16 81.0
BE1 Belgium 22 51.039483 5.757936 31 82.0
SW4 Sweden 3 60.2422 17.682306 41 54.0
SW3 Sweden 2 60.251239 17.669442 41 54.0
SW1 Sweden 4 60.258389 17.636114 41 54.0
SwW2 Sweden 12 60.259086 17.656744 M 54.0
Introduced (US) Latitude (N) Longitude (W)
LOR cO 10 40.583006 105.174506 1671 38.4
BC cO 20 40.800472 105.379528 2252 38.4
SL co 15 40.986139 107.381667 2041 25.6
WY2 WYy 16 41.055056 109.352417 2495 22.8
WY1 WY 3 41.130667 109.213472 2358 228
wY5s wy 15 43.386222 110.725833 1928 40.2
WY4 WY 15 43.404 110.751556 1898 40.2
WY6 WY 13 43.428861 110.777028 1885 40.2
WY3 wy 20 43.429583 110.781583 2129 40.2
ID ID 10 44137006 112.222542 1828 30.2
MTA MT 15 45.097417 112.776972 1689 33.3
MT2 MT 15 45.424972 110.651167 1849 36.8
MT3 MT 15 45.499556 110.547694 1649 36.8
MT4 MT 10 45673972 110.540056 1427 36.8
MT1 MT 15 45.686333 110.512472 1444 26.0
MT5 MT 15 46.225694 111.377917 1394 27.3
MT6 MT 10 46.253611 111.297333 1493 27.3
MT7 MT 15 46.286917 111.632 1377 27.3
MT8 MT 15 46.318722 111.629111 1506 27.3
MT9 MT 15 47.404667 111.327917 1135 40.0
MT10 MT 15 47.432056 111.319944 1402 37.1

*Populations in bold analyzed for iridoid glycoside content
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Table 4.2. Results of ANOVA testing the effects of range (native or introduced), leaf age, and the range x leaf age
interaction on variation of the iridoid glycosides aucubin and catalpol in Verbascum thapsus (common mullein)

Total Iridoid Proportion
Aucubin Catalpol Glycosides Catalpol
Source F value P value F value P value F value P value F value P value
Range 0.62(1,10) 0.45  0.01(1,10) 0.92 0.01(1,10) 0.92 0.02(1,10) 0.9
Leaf Age 6.5(1,180) 0.01 130(1,179) <0.0001 177.1(1,203) <0.0001 200.5(1,179) <0.0001
Range x Leaf Age 14.3(1,180) 0.0002 2.9(1.179) 0.09 33(1,203) <0.0001 1.33(1,179) 0.25
Random* %2 P value %2 P value %2 P value %2 P value
Population 24.9 <0.0001 51.7 <0.0001 771 <0.0001 67 <0.0001

*The random effect y-square is a one-sided test with a single degree of freedom which tests the hypothesis that
the variation due to the effect is greater than zero.
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Table 4.3. Pearson's Correlation coefficients describing the
relationship between iridoid glycoside content of young and old
leaves of native and introduced mullein and the severity of
chewing damage to those same leaves

Young Old Young Old
Percent Aucubin -0.07 -0.037 -0.08 -0.51 %**
Percent Catalpol 0.39** -0.27*  0.14 -0.36 **
Percent Total IGs ~ 0.36** 025 -0.002 -0.46 **
Proportion catalpol 0.4 ** 031" 0.15 -0.13

*P <0.05; **P <0.01; ***P <0.0001
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