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ABSTRACT

ECOLOGY AND PLANT DEFENSE OF TWO INVASIVE PLANTS1YOSCYAMUSNIGER

AND VERBASCUM THAPSUS

Understanding the factors that drive non-native plant jpojouls to succeed in a new
range and the ecological and biological differencesddintroduced populations apart from
their native counterparts can provide insight into ecoldgind evolutionary processes, as well
as information crucial to managemelmt this dissertation, | present research on two differ
plant species that have been introduced to North Amdyath,of which can now be found
across the United States and throughout Canada.

Chapters 1 and 2 focus étyoscyamus niger (black henbane, Solanaceae), a poisonous and
state-listed noxious weed. In chapter begperimentally evaluate whether introduced
populations in the western United States are annual or hleBoth of these life cycles are
found in the native range, and have a clear genetis.daestperimentally manipulated
vernalization (a cold treatment for 19 weeks), and fintdglants in the introduced range are
biennial. Vernalization is critical for bolting and flowegito occur within a growing season.
Interestingly, given enough time in a greenhouse setting, r2émieof plants that were not
vernalized were able to flower. This is unlikely to happen inneathowever, as warmer regions
without a cold period to naturally vernalize plants are gjpidacking sufficient resources (e.g.
adequate water or spader this species. Chapter two aims to understand basic maland
ecological characteristics of black henbane in th@dhtced range, which lays the groundwork

for additional ecological and evolutionary researchhismspecies and will also help direct



appropriate management practices. In a greenhouse egpérinest the effects of selfing and
outcrossing. In field populmins, | measure reproductive output, the size of seed lodnks
introduced populations, the viability of seed collected owver years, patterns of mortality, and
fluctuation in the size of 15 populatioridack henbane is self-compatible, and capable of
producing copious seed, and generating large seed banks mlinatupopulations. Seeds
remain viable for multiple years which may contributéhii® dynamic fluctuations of field
population sizes that were observed over four years. Pamdadre generally ephemeral, with
high mortality at the rosette stage.

Chapter 3 is focused on resistance and tolerance to herbara how they might vary
between ranges as well as within individual plants as gestiby optimal defense theory.
Optimal defense predicts that defenses are allocateddoedif tissues based on their value to
the plantl useVerbascum thapsus (common mullein, Scrophulariaceae) to evaluate remistto
both a specialist and a generalist herbivore among gfambsthe native and introduced range
and among leaves of different agkealso measure tolerance to defoliation by simulatingethr
levels of herbivory and evaluating the regrowth of a&bard below ground biomadBoth native
and introduced mullein plants are highly defended against $ipeaiad generalist herbivores,
with high levels of both resistance and toleranceckordance with optimal defense theory,

young leaves are more highly defended than older leaves.
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CHAPTER 1: INTRODUCED NORTH AMERICAN BLACK HENBANEHYOSCYAMUS

NIGER) POPULATIONS ARE BIENNIAL

CHAPTER 1 OVERVIEW

Black henbane can be either annual or biennial. | investigahich life cycle is found in
four introduced western North American populations. Plesi® grown in a greenhouse
common garden until half were vernalized by exposure to natinger temperatures, while the
other half remained in the greenhouse above 20°C, with 16 bblight and 8 hours of darkn
total the plants were monitored 313 days following germinatiomeasured whether plants
bolted, the time it took for bolting to commence, andsikae at boltingAll vernalized plants
boltedafter 117 days of active growth (within 26 days of the endef#rnalization treatment)
while only 26% of the non-vernalized plants bolted aftenemage of 278 days of active
growth. Vernalized plants bolted at a smaller size tha ron-vernalizedplants that bolted (28
vs. 41 leaves on averagé) the non-vernalized plants, there was a strong refdtiprbetween
time to bolting and size, but not so with the vernalizeahisl My results indicate that introduced
black henbane plants are biennial, and that vernalizaiowre critical to bolting and flowering
than reaching a certain size. Nonetheless, the fachdéimaternalized plants were capable of
bolting if grown long enough suggests that vernalizatiomighre only cue that can trigger

reproduction in introduced populations.

"This chapter has been published as: Fettig C, Hufbauer R (2@detjuced North American
black henbaneHyoscyamus niger) populations are biennial. Invasive Plant Science and
Management (7) 4:624-630



MANAGEMENT IMPLICATIONS

Knowledge of the life cycle of an introduced plant is rdamental component of its
successful management. Black henbahgg$cyamus niger) is a state-listed noxious weed that is
toxic to both livestock and humanghere is surprisingly little information on the introduced
populations in North America. | explored whether introducgpluations follow an annual life
cycle, biennial life cycle, or both. I first collecteceds from several naturalized populations
The seeds were germinated and the resulting plants weve gr@ common environment in
Fort Collins, Colorado. | then subjected half of thenpd to a winter cold treatment
(vernalization), while the other half remained in the greesk. All plants sampled appedto
be biennials, with cold being required for timely flowering.slhas important implications for
the potential of black henbane to spread: it is likely limitedréas that experience at least 10
weeks of cold (3°C-11°C) winter temperatures. Combiningitfaggmation with this species
being a poor competitor, requiring open space to thrive, wénéer that it will perform best in
fairly open western North American environments with a eoider. Additionally, given that it
is biennial, where active management is necessary indgbtern United States, monitoring and
managing populations over multiple years will likely be kegftective control. Finally, it is
critical to guard against the introduction of annual henbdarégpto North America. Currently,
USDA-APHIS requires a permit to import any part of theniger plant or plant products into
the U.S. Adhering to the current set of national regulatigh$elp limit the range of

naturalized black henbane populations.



INTRODUCTION

The life history strategy of an organism is an importaatdr in determining individual
fitness and population growth rates (Stearns 1976), aneé icege of invasive plants, helps
determine whether a species establishes and becomes invesinew area (Sol et al. 2012
Sutherland 2004). The length of the life cycle of monocapiaints is a key life-history trait. An
annual life cycle may confer an advantage over biennial amdhipet life cycles due to the
shorter generation time (Baker 1965; Lewontin 1965; Pimm 1991). Woweiennial plants
often flower at a larger size and therefore typicallydpiee more seed. Thus, there is potentially
a trade-off between the cost of a longer generatioa éind the benefit of higher seed production
(Klinkhamer and De Jong 1983; Van der Meijden et al. 19@2sselingh et al. 1993).

Both environmental and genetic factors can influence timingmbduction in
monocarpic plants (Johnson 2007; Reinartz 1984). The tift@tering and therefore
generation time can be determined by plant size ratherdage (Wesselingh et al. 1993).
However, often exposure to a particular photoperiod (Parksr #50) or to cold (e.g.
vernalization, Bernier et al. 1981) determingdant’s ability to flower. Populations commonly
vary, often along latitudinal clines, in the traitstttlatermine timing of reproduction (e.g. pre-
reproductive period, biomass, photoperiod, need for vernalig&woudry et al. 2002; Quinn
1969; Reinartz 1984). Variation in these traits has frequée#n shown to have a genetic basis
(Law et al. 1977; Reinartz 1981).dw recent studies have revealed a specific ‘flowering locus’,
FLOWERING LOCUS C (FLC), in the model organigyrabidopsis thaliana that is regulated
by vernalization and methylation (Finnegan et al. 200i6haels and Amasino 2000; Sheldon et

al. 2000.



Here | explore two of the factors that influence lifesleylength (annual vs. biennial) of
black henbaneHyoscyamus niger L.; Solanaceae) in introduced North American populations.
Specifically, | examine how plant size and vernalizatidffuence flowering and time to

flowering.

Sudy System

Hyoscyamus niger (commonly referred to as black henbane, or henbane) israduoed
toxic weed that typically grows in open and disturbed habitiabane is a monocarpic plant
with both annual and biennial forms in its native Eurasgange (Correns 1904; Schlappi 2011
Selleck 1964). The life history in introduced North American pojariatis currently unknown.
Early research on life-cycle length in henbane suggeistdétermined by a simple dominant
allele (Correns 1904). Correns grew seed that had beecteallfrom annual and biennial forms
in a common field environment in Europe, and found that dsmhaays produced annuals and
biennials always produced biennials. When he crossed the tws, fidvenF1 offspring were
always biennial while the F2 offspring showed segregation, suggessimgle dominant locus
determined whether a plant flowered in its first or secaat.yFurther research confirmed that
the annual life cycle is recessive (Correns 1904; Lang 198@ gt 2011). Both annual and
biennial henbane initiate flowering the first half of thenmer season (i.e. they are long-day
plants). Recent research on the genetic and physioldgiss of flowering irH. niger suggests
that there are two types of annuals, late flowering genstiy benefit mildly from
vernalization and early flowering genotypes that do noétiteinom vernalization (Schlappi
2011). Under a constant temperature (22°C) and long-day phatdp8dhlappi (2011) found

that early-flowering annuals bolted after 30 to 35 days inqudsflowered at a size of 16 to 18



leaves, while late-flowering annuals bolted after approxim&@ldays without vernalization
and flowered with an average of 26 leaves. Non-vernalizgthizl plantsn Schldppi’s study
did not flower, even after one year. Additional studiassernalization requirements of the
biennial form of henbane indicate that at least 10 weeksldf(ce. 3°C-11°C) are required to
trigger flowering (Diomaiuto-Bonnand et al. 1980; Melchers 198BMys, if introduced plants
flower within 60 days, or shortly thereafter (in a greardgowith a long-day photoperiod)
without vernalization, we can infer that they are annwelisle if they do not flower in that time

period, and respond to vernalization by flowering, we can thigy are biennials.

METHODS

The effect of vernalization on the life-cycle lengthndroduced black henbane plants
was evaluated by experimentally imposing two temperature treaifvenhalized and non-
vernalized) and subsequently measuring whether plants flowered, dime to flowering, and
size at flowering.

Seed was collected from four naturalized introduced populaitictire fall of 2009. At
each site | collected seed from 4-11 maternal plams [@ble 11 for sample sites and sizes).
Following collection, seeds were removed from their cagssahd stored in a refrigerator at
3.4°C until planting. Ten offspring were grown from each nmatigplant. Seeds were sown in
germination flats with Fafard potting media and placed oiisabench with a misting regime of
15 seconds duration every 3 minutes for 9 hours per dayl@wseeks until enough seeds
germinated. The median date of germination (here used gsitbeal date of germination) was

June 24, 2010, 6 weeks after sowing. Seven weeks after germirmtiseedlings were



transplanted to 1-gallon pots and kept in a greenhouse with@ui @&y / 8 hour night
photoperiod and 24.5°C day / 17.2°C night average temperatures.

Thirteen weeks after germination, on September 24, 2016pided three measures of
plant size: the total number of leaves larger than 2asette diameter in two orthogonal axes
and the length and width of the largest leaf, and theatedt the treatments. Five of the 10
plants from each maternal line were randomly assigned doocalarm temperature treatments.
The plants in the cold treatment were moved outsideger&nce natural winter temperatures as
the vernalization treatment, while the other half rer@diin the greenhouse. Vernalized plants
were moved back into the greenhouse after 19 weeks outdoarsngrbat plants experienced
at least 10 weeks of cold temperatures (3°C-11°C) requiractfaalization (Diomaiuto-
Bonnand et al. 1980; Melchers 1937). The average daily tetapeia Fort Collins, Colorado
during the period used in my vernalization treatment was G.89ational Weather Service data,
accessed on wunderground.com). While outside, vernalizeds plené buried in wood mulch
and covered with straw. They experienced natural fall antexwveather conditions in Fort
Collins, Colorado and received water by means of snow @edenhouse plants were watered
as needed, typically 3 times per week. In addition to th&pla the vernalization treatment
experiencing colder temperatures than the non-vernalizedispkhey also experienced a
different light regime. Vernalized plants received lovintigverall (under mulch, in a lath
house), and what light they received had the natural fdlixamter photoperiods (short days,
long nights). Non-vernalized plants received more lighinguthe treatment period, with the
greenhouse lights set to 16 hour day / 8 hour night.

Following the end of the treatment period all vernaliziaghis were brought back into the

greenhouse. At this point the vernalized and non-vernaligedame plants once again shared a



common garden environment. Days to bolting, days to floweriith flewering defined as the
first day that a flower was open enough to be pollinatedint glize (as described previously) and
height (length of the tallest stem) at flowering were suead. Plant size was measured three
times after the end of the vernalization treatmentalbplants one week after plants were
recombined into the greenhouse (February 12), on all pdawetsveek later (February 19) at
which point the majority of the vernalized plants werkibg, and finally, individually as each
plant started to bolt. These final measurements spanmexhths from February 5, 2011 to May
3, 2011, at which point the experiment was terminated. Phatgrown for 313 days since
germination, either entirely in the greenhouse or splitgné@nhouse (91 days), outdoors (132

days), and then greenhouse again (90 days).

Statistical Analyses

All statistical analyses were carried out with SASftware version 9.3 (SAS Institute
Cary NC) | first evaluated whether or not the plants bolted, if thatg did bolt how long it
took, and whether bolting depended on treatment or plantBgrause all vernalized plants
bolted, there was no variation within that treatmeme &eparation problem; Albert and
Anderson 1984), making it impossible to run a generalized liméaad model (Proc. glimmix).
Therefore, a Fisher’s exact test was performed to evaluate the effects of the temperature
treatment on the proportion of plants that bolted.tNaxmixed linear model (Proc. mixed) was
used to evaluate the effect of rosette size before bdatirthe time to bolting. Analyses included
either the size in the fall or one of several diffégrspring size measurements. Fall rosette size,
measured as total number of leaves, produced the modehwitbviest AIC value, and is

presented imy results. Fall plant size, treatment, and a fall p&e by treatment interaction



were treated as fixed effects. Population, population bynieggtinteraction, and maternal plant
nested within population were considered random effectssignéicance of random effects
was tested using likelihood ratio tests. | obtained -2 rekldgdikelihoods from running the
model with and without the random effects, and the idiffee between those values provided a
test statistic distributed g8 with one degree of freedom (Littell et al. 1996). | evaldatize at
bolting and | compared growth rates for vernalized andvawnalized plants using models that
included treatment as a fixed effect and population, popalagdreatment interaction, and
maternal plant nested within populatiasrandom effectsFor the non-vernalized plants, | also
evaluated whether size in the fall or spring predicted hanedr not plants bolted using a
generalized linear mixed model with a binary distribution @atagit link. This comparison could
not be done for vernalized plants, as all vernalizedtiplamited (see Results and Discussion).

Data were log transformed to meet the assumptions of ANOVA.

RESULTS

Vernalization strongly influenced the ability of plants adtkand flower ¢;* = 160.43P
< 0.0001). In the 90-day period between the end of the veaitiahiztreatment and the end of the
experiment, 100% of vernalized plants bolted and flowered whie26% of the 140 non-
vernalized plants (n = 36) bolted (Figurd)1 The time to bolting varied strongly by treatment
(Table 1.2, Figures 1.1 and 1.2). On average, vernalized plated b4 days and flowered 27
days after the cold treatment ended (105 and 118 dayswd getiwth by which | mean total
time since germination, excluding the vernalization treatwdien the plants were largely

dormant). All vernalized plants bolted within 26 days and/éred within 37 days after



treatment (117 and 128 days of active growtincontrast, for the non-vernalized plants that
bolted the average number of days to bolting was 278 days sincengéon (173 more days of
active growth than the vernalized plants), and for thbaeflowered, the average number of
days to flowering was 295 days since germination (177 more daygsieé growth than the
vernalized plants).

The size of the rosette in the fall, before treatmesti®e imposed, influenced time to
bolting in the spring, and that influence differed in gt depending upon treatment (Table
1.2). Across both treatments, rosettes with more leaviiifall bolted more quickly in the
spring, but that pattern was stronger for non-vernalizedp(&mgure 1.2). Even very small
vernalized plants could bolt quickly, while only very large mennalized plants bolted in less
than 26 days since plants were recombined into the greenlbowe250 days of active growth
(at which time all vernalized plants had bolted). Degpieeimportant role of size in time to
bolting of non-vernalized plants, size in the fall andrgpdid not predict whether or not those
plants bolted (fall £11; = 0.55,P = 0.4601; spring first measure fr; = 0.05,P = 0.8259; spring
second measure ;= 0.43,P = 0.5130).

Models that included the other measurements of rosett¢regmdts not shown) were
consistent with the findings for fall rosette size datab{& 1.2), with larger plants always bolting
earlier. Plant size at time of bolting differed signifidg between treatment§, 3 = 117.88P =
0.0017). On average, vernalized rosettes boltadataller size than their non-vernalized
siblings (Figure 1.3). At bolting, non-vernalized rosettes redeim average size of 41 leaves
while vernalized rosettes bolted with an average of 28 le®@sette size for both treatments is
measured as the total number of leaves at the timdtafd@.e. fall rosette size was not added

to the vernalized plants, which lost above ground biomassgithvé cold treatment).



Growth rates of vernalized and non-vernalized plants weceilated for the week
between February 12 and February 19, the second week afeardtiod the treatment. After
vernalization plants added leaves 1.7 times faster thapiahts that had not been vernalized

though that difference was not significant §& 3.43,P = 0.1611).

DISCUSSION

The fact that no plants flowered in the 90 days prior testhe of vernalization, and the
rapid flowering of vernalized plants after their returthte greenhouse, clearly support the
hypothesis thatny study populations are composed of biennial henbane. Howewer, th
substantial percentage of plants that did eventually flewen without vernalization requires
explanationl propose and discuss 3 alternative hypotheses to expldiowezing of non-
vernalized plants. 1. Late-flowering annuals, like thosmdoby Schlappi (2011) are present in
the introduced populations. In his study, 100% of late-flowgeainnuals bolted within 60 days
without vernalization, while in mine, only 26% bolted, and tli@ra much longer 278 days.
While an important hypothesis to consider, the long timéteer does not follow the life-cycle
of a late-flowering annual, and thus this hypothesis isuygpated by the current data. 2.
Genetic variation weakening the requirement for vernalinatiay exist in the western United
States that did not exist within Schldppi’s samples. Schl&ppi (2011) was able to produce late-
flowering winter annuaH. niger plants from crossing biennial and annual accessions. ktmig
be that hybridization between biennial and annual formsahgequent backcrosses to biennials
could lead to populations with weaker requirements for Viget@n. No data are available

currently to address this hypothesis. 3. Aspectayéxperimental set-up weakened the

10



vernalization requirement. The two main differencesradtien cold between my vernalized and
non-vernalized treatments are differences in the sagtmm@ content and in the light regime. As
previously mentioned, vernalized plants received water ae snelt during the treatment. Non-
vernalized plants were actively growing in the greenhoudenvane watered as required which
was typically three times per week. Therefore, non-vaegplants in the greenhouse had
higher soil moisture content than the vernalized plant49 weeks. There is no evidence from
the literature that increased water availability can tsuibs for vernalization. The light regime in
the greenhouse may have played a role, as photoinductidkmdasa replacement for
vernalization in other systems (eAyabadopsis, Bagnall 1993). Non-vernalized plants in my
experiment received more light than the vernalized plduntisg the treatment period, with the
greenhouse lights set to long days and short nights, tHepiei@period for flowering of black
henbane (Downs and Thomas 1982ng 1986; Parker et al. 1950; Schlappi 2011). Thus, the
long photoperiod and higher light intensity in the greenhoeisg¢ive to under mulch outside
could have caused some non-vernalized biennial plants to fldwisrhypothesis seems
plausible, given the known mechanism from other systemsduitional data would help
distinguish among the three.

My interpretation that introduced populations in Coloradopkiving, and Montana are
dominated by biennial plants is supported by field data from thare25 populations across
those states. Germination took place in June, and marked gldmot flower until the
following summer C Fettig, unpublished dataAn additional line of evidence comes from the
current distribution of black henbane in North America; the USIDANTS Database reports
this species to be found exclusively in areas that expergneast 10 weeks of cold winter

temperatures, suggesting that vernalization is requiredtural populations.

11



My results indicate that the plants from my sampledpdhiced populations are strongly
biennial. | believe this bodes well for land managers, ldly limits the areas that henbane
could invade. Whileny experiment demonstrated that vernalization is not abspkgquired
for bolting and flowering, it seems unlikely that seeds prarted to climates without a winter
cold period would successfully establish. In the greenhousatiomsd plants received sufficient
resources (water, nutrients, light). However, in natareas throughout much of the U.S. this
would rarely be the case, with water being limiting at sper@d over the course of nearly 300
days in the west and southwest and other resources beitigdidue to competition in the
southeastindeed, henbane is found primarily in highly disturbed, opendtal{iC Fettig,
unpublished data) and is a poor competitor (LaFantasie and Zild¢. Therefore, it may be
that the current distribution of black henbane in North Atagmwhich reflects the biennial life
cycle | document here, represents a reasonably stable asrong as an annual form is not
introduced.

Despite current efforts to prevent introductions of mative species, introductions
continue to occur (Cohen and Carlton 1998; hewnd D’ Antonio 2003; Pysek et al. 2003).
USDA-APHIS requires a “Permit to Import Plants and Plant Products” for any work with black
henbane, along with a declaration that the seed i®$@arch purposes only. However, black
henbane is desired as an ornamental planting as wel agéhicinal uses, and as such is
cultivated in gardens still today. Given this, henbane saeseadily available for purchase
without a permit through internet vendors worldwide, despi#d tSDA-APHIS regulations.
Furthermore, interstate movement of the plant is roptladed at the federal level. Given the
commercial sale of seeds, eventual introduction o&timeial form may be inevitable. However,

Mitich (1992) reports that herbalists prefer the more pragieind alkaloid-rich biennial form
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of the plant providing some hope that the annual is not @ynplanted. If introduction of the
annual forms can be prevented, tliemiger ’s habitable range in North America may be

restricted to northern climates.
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Table 11. Locations of thédyoscyamus niger seed collections that were used for this
experiment, latitude and longitude of the sites based on Gét8icates, and number of
maternal lines that were collected from each populatien.siblings were used from each
maternal plant.

Number of
L ocation Latitude Longitude maternal lines
Parshall, Colorado 40 4.129 -106 15.438 5
Rock Springs, Wyoming 41 21.500 -109 16.165 4
Jackson, Wyoming 43 25.386 -110 46.524 11
Cascade, Montana 47 14.341 -111 51.927 8
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Table 1.2. ANOVA results from the greenhouse experiment Witloscyamus niger evaluating

the influence of fall plant size, treatment, and the@raction on the time to bolting in the

spring. There was a significant interaction between ®s@&e (measured as number of leaves)
in the fall and treatment. Fall rosette size of vemealiplants did not have a strong effect on time
to bolting in the spring. However, non-vernalized plantswee larger in the fall bolted earlier
than smaller non-vernalized plants.

Fixed Effects df? F P
Number of leaves in fall 1,136 22.96 <0.0001
Treatment 1,3 123.43 0.0016
Number of leaves in fal*Treatment 1,136  5.16 0.0246
Random Effects df? Likelihood ratio P
Population 1 0.5 0.2398
Population*Treatment 1 0.1 0.3759
Plant(Population) 1 0 0.5

& Abbreviation: df, degrees of freedom.
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Figure 1.1. Cummulative proportion of plants from the temperature treatments that bolted in
the 90 days following the end of the vernalization treatm@ne hundred percent of vernalized
plants bolted within 26 days from the end of the cold treatmieventy-six percent of non-
vernalized plants bolted within 90 days following treatmentafter 313 days of active growth
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Figure 1.2. Number of days to bolting following the end of threadezation treatment for plants
in the two temperature treatments, based on fall roseéteNon-vernalized plants that had more
leaves in the fall bolted earlier in the spring than-memalized plants that had fewer leaves in
the fall. Non-vernalized plants took longer to bolt than eed plants, in general. Number of
leaves in fall*treatment is significant Bt= 0.0246 (Table 1.2).
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Figure 1.3. Mean number of leaves at bolting as a funofibreatment. Data are means +/- 1 SE
bars with different lowercase letters indicating tiat means differ significantly @& < 0.001.
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CHAPTER 2: REPRODUCTIVE STRATEGY, PERFORMANCE, AND POPULATION
DYNAMICS OF THE INTRODUCED WEED BLACK HENBANE KIYOSCYAMUS

NIGERL.)

CHAPTER 2 OVERVIEW

Determining whether and how to manage an introduced specieseselhasic ecological
and biological knowledge. If a decision is made to activedyrage an invader, doing so
efficiently and effectively is critical. Basic biologicar ecological information can be key in
designing effective and cost efficient management appesathised a greenhouse experiment
and observational field studies of naturalized populatiorssudy the modes of pollinatipn
fecundity in the field, seed ecology, population dynandos, demography of the introduced and
toxic weed black henbankeshow that henbarnis able to self-pollinate and that outcrossing does
not increase number or size of seeds. Plants in thegimmd | sampled produce an estimated
average of 25,300 4,004 seeds by the middle of the growingnsédsand no difference in the
viability of field collected seeds that were 1-4 years dltk number of flowering plants in a
population is best predicted by the number of rosettesloitation in July of the previous
year. The probability of rosettes surviving over the witdeneach reproductive maturity
increases with precipitation and growing degree days. potallation sizes fluctuate
dramatically between years. Henbane populations are ephemgnaith large seed banks, large
population outbreaks are possible if conditions are righten that this weed is toxic to

livestock and humans, it is important to identify infestagiand manage populations.
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INTRODUCTION

Biological invasions are one of the top threats to bedity and global environmental
sustainability (Mack and D’ Antonio 1998; Pimentel et al. 2000). Worldwide, approximately
eighty percent of all threatened and endangered speeies éhe protected list because of the
influence and effects of non-native species (Wilcaval.€1998). In the United States alone, the
cost of managing invasive species and direct revenue loge @du@sion add up to a staggering
$120 billion per year (Pimentel et al. 2005). Not all introducedispéave extreme impacts in
their new range, and thus not all require management. Tordeteboth whether and how to
manage these species requires basic ecological angibalknowledge.

If a decision is made to actively manage an invader, doirgfieiently and effectively is
critical. Basic biological or ecological informatiean be key in designing effective and cost
efficient management approaches. For example, suctessdiication of the giant African snail
(Achatina fulica) from Florida was achieved for the relatively low cosébfmillion (Capinera
2014). Simberloff (2003) argues that an important biologicabfagas essential to this
eradication effort: that the snail is self-incompatibleisTnade eradication feasible, as the
population had only to be reduced to the point where indivached difficulty finding mates.
Another example of the role of basic ecological infation in successful management comes
from the eradication of kochi@éssia scoparia) from more than 3,200 hectares of western
Australia (Randall 2001). In this case, the knowledge thdti&kdw@s a limited seed bank of less
than three years (Zorner et al. 1984) was instrumenfdhiming the eradication process: sites
had to be managed for a minimum of three years aftdasheeeds had set. In each of these

examples, it was important to understand fundamental agfdtis biology of the system.
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Whether trying to determine the level of threat thatnéroduced species poses or
working toward eradication of a known, problematic invadenchalogical information is
necessary. However, even for some species introducagriesrago, basic information is
lacking. One such species is the introduced weed black heiibgoscyamus niger L.,
Solanaceae).

Black henbane was introduced in the early 1600’s to North America from Eurasia. It is
toxic to the point of causing livestock and human poisoning aaith €ooper and Johnson
1984; Couch 1937; Kurkcuoglu 1970; Lindequist 1993; Long 1924; Spoerke et al. [1887).
widespread across multiple western U.S. states, anddessiual at colonizing disturbed habitats
Despite its toxicity, remarkably little is known about itelegy (Selleck 1964). In the western
United States control of henbane populations is manageddxy supervisors at the state and
county levels. Plats are managed in pasture lands and hay fields due to the plant’s toxicity and
threat to livestock, but efforts are also made to managdaiamms found elsewhere (e.g. public
lands, disturbed areas, and roadsides). More informabiout ahe biology of this introduced
species will provide insight into the ecology of its inaasiwill help determine whether
management efforts are warranted, and will provide thedfation upon which sound
management approaches can be developed.

To understand the ecology of introduced populations of blankdne | address the
following five topics and motivating sets of questions usiri@mbination of experimental and
observational studies.

1. Reproduction: Is black henbane capable of self-pollination? Dbegefit fran

outcrossing with plants from other populations?

2. Field performance: Are there differences in plant bizéocation? Does climate or
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location influence differences in plant size? How mweddsdo plants in introduced
populations produce? Are there key climatological variadhizsng seed production?

3. Seed ecology: How large are soil seed banks? Do seeds ngatzle multiple years?

4. Population dynamics: How large are introduced populations®h&re consistent trends
in population size (i.e. growth or decline)?

5. Demography: When does mortality occur between rosette ant? &bt proportion of
rosettes reach adulthood? Is survival probability shaped bynthediate surroundings
of a rosette?

By answering the above questions, my overarching goa®amderstand basic
biological and ecological characteristics of black henlarlee introduced range, to lay the
groundwork for additional ecological and evolutionary redearcthis species, and to help guide

sound management practices.

Sudy System

Black henbane was introduced to eastern North America in the 1600’s and is now found
in 27 northern states and throughout much of Canada (USDA PEANTabase). As of 2015,
henbane is a state listed noxious weed in California, Colprddbo, Nevada, New Mexico, and
Washington. County weed supervisors in Wyoming are petitioninigeiolbane to be placed on
their state noxious weed list as well. Henbane is alsa l@tethe Bureau of Land Management
National List of Invasive Weed Species of Concern.

It was initially introduced to North America by early settlassan ornamental plant and
medicinal herb. A high concentration of scopolamine shyamine and other tropane alkaloids

made black henbane an effective treatment for toothacstbsna rheumatism, and stomach
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pains, and it was also used as a general anesthetic inestigine around the world (Biswas
1956; Husain 1979; Ratsch 1995; Rowell 1978). However, those samewatspwhich are
found in all parts of the plant, make it highly poisonddisman poisoning and death following
henbane consumption are common. For example, 31 caseslwne poisoning in children were
reported in Turkey over the course of three years (Kurkaub@0). However, the total number
of henbane poisonings in that region was thought to be muategrbecause the vast majority
of the poisonings occurred in remote villages and childrenrdibejourney to the nearest
hospital (Kurkcuoglu 1970). Spoerke et al. (1987) reported the ataldegestion and
poisoning of two people in Montana, USA, when henbane growing omptoperty was
mistaken for parsnip. Symptoms included vomiting and dis@imemt in the 11 hours following
ingestion, but ultimately both subjects recovered (Sposrké 1987). A number of other
studies have also reported instances of henbane ingasiibpoisoning (Beasley 1999; Doneray
et al. 2007; Knight and Walter 2003; Long 1924; Sands and Sands 10#&) sed on the
toxicity of the plant (Hakkinen et al. 2005; Lindequist 1993;d¥lal. 1999).

Little ecological information on black henbane has hmédslished to date. Black henbane
is @ monocarpic plant with both annual and biennial foimthe native range (Correns 1904;
Selleck 1964). It is the biennial form that composes populatioN®rth America (Fettig and
Hufbauer 2014). Biennial plants grow as a rosette during thefoging season. After
experiencing cold winter conditions the plants bolt, floveead set seed the following growing
season. Black henbane has been reported to grow betweern @3 aneters tall and produce
tens of thousands of seeds per plant (Whitson et al. 288d{is are scattered locally via gravity.
It has not been reported how long seeds are viable setatbank. Plants typically grow in

disturbed areas and are poor competitors (LaFantasierdmel Z011).
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METHODS

Reproduction
To evaluate the degree to which introduced henbane is self-tiblapand whether

inter-population outcrossing improves seed set or germmdtExperimentally manipulated
pollination in the greenhouse, conducting two experimenthelfirst, | simply evaluated
whether self-pollination is possible using two treatment§,psdlination with no manipulation
and self-pollination by hand. In the second experimentlluated the effects on seed set of three
treatments: a cross with a sibling, a cross with an itdal from the same population, and a
cross with an individual from a different populationr leach cross, a vented polyethylene bag
was secured over newly opened flowers to reduce the possibiibllen contamination. For the
first experiment in which plants were self-pollinatedhans were left intact, while for each of
the outcrossed treatments, anthers were removed papetong, in an effort to ensure that
successful pollination was due to my experimental manipulataiher than self-fertilization.
Following my controlled crosses, the seed capsules vegvested once they were fully
brown and mature on the stalk. | collected the seedsdam capsule, weighed them, counted a
subsample, and stored them in a refrigerator at 3'AG@valuate germination success, 10
capsules from each cross were randomly selected (5 cafisarte maternal plants from
Colorado and 5 capsules from maternal plants from Maitian the experiment. | placed 2
replicates of 50 seeds per capsule on moist filter papgestmdishes. The dishes were kept in a
germination chamber set to a 14 hour day / 10 hour night photdaribat an average
temperature of 20°C. | ended the experiment after 47 daydiet point germination rate

across all dishes had greatly decreased and 3 days had wibseo germination at all.
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All statistical procedures in this publication were carriatiusing SAS software
version 9.3 (SAS Institute, Cary NC). | used mixed lineadats as implemented in the SAS
mixed procedure (Proc. mixed) to evaluate the differenseed production, seed weight, and
germination rates between naturally selfed and selfed bydnassges, and between different
crosses with different levels of outcrossing. Analyisekided elevation of the site from which
seeds were collected for the plants in the experinlestype of cross, and the identity of the

sire which were treated as fixed effects.

Field performance

| contacted county weed supervisors across three westtes 8i locate populations that
were not under active control to evaluate characterigtitts®ese populations. | visited 33
populations of introduced black henbane in Colorado, Wyoming\Vamdana in the summers of
2009, 2010, 2011, and 2012. Additionally, | was able to obtain dataoinenpopulation in the
native range, in France in 2010. Henbane populations metiiee range may be ephemeral, as
visits were made t@3 sites across southern France known have henbane thetpnevious 3
years, and only one site had a living populat®opulations in the introduced range were
revisited each year when possible. In each population, sunec plant performance of between
6 - 60 individuals. For each plant | recorded whetheptaet was a rosette or bolting plant. For
rosettes, | measured plant size from two perpendicwdasarements from leaf tip to leaf tip and
calculated rosette area using the formula for an ellsebolting plants, | measured height,
number of branches containing seed capsules, and the toténof developed/developing
seed capsules. | selected plants for measurement faosett(s) that were 25 meters long and 2

meters wide through the most dense area of the popu&tdsampled the plant closest to the
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meter tape every 1 meter, for the length of the ticdinffea population was large enough to hold
two transects, then data were recorded from both. Clidatefor each site over the duration of
the study was acquired from National Weather Service Wéather Underground, Inc.).
Climate data for each site includes the total precipitatimmng May-September as well as for
the previous year, mean temperature during-Ns&ptember, mean temperature during the
previous year’s winter November — April, and total growing degree days each year as wedlras f
the previous year. Multiple populations shared many oether stations as their closest
available site. Therefore populations in my analyses watedsby weather station and AIC
model selection was performed prior to running the models descbelow.

| evaluated the relationship between plant height anduh&er of seed capsules
produced per plant by the end of July using linear regressiod.cépsule data were log
transformed to meet the assumptions of the model. To @ed capsule data from North
American populations into perspective, | compared them thgesule counts from two
different locations, an introduced population in Britdiom Salisbury 1942) and the native
population | sampled in France. The data from these tbations is limited, but | am able to
make a coarse comparison using the 95% confidence interpalsdethe mean seed capsule
production of North American plants, British plants, &neinch plants.

To evaluate the effect of climate on seed productionst giathered data for each site
from the nearest weather station with official Natibweather Service data (Weather
Underground, Inc.). Because many climate variables are cedglaised AIC model selection
to consider 7 different location and climate variables aedl ihteractions in 9 different
statistical models with seed capsule production and pé&aghtas response variables (See

appendix, Tables 4.1-4.4). In both of these models, weattersand population nested within
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weather station were treated as random effects. Bothcsgxsule data and plant height data were

natural log transformed to meet the assumptions of thelsiode

Seed ecology

| surveyed the size of soil seed banks in three intratipopulations by collecting soil
samples from two henbane populations in southern Wyonirimgton and Rock Springs-2,
see Table 2.1) and one population in Colorado (Parshefled)samples were collected in late
October 2011 so the samples likely contained seed depositegiats that matured in the
2011 growing season in addition to seed from previous seddaitsout a 20-meter transect
through the densest portion of the henbane populatioodaledted twenty cylindrical soil core
samples that were 6.4 cm in diameter and 3.8 cm deep i apeie from each other along the
transect. | used fine sieves to separate material® isatimples based on size. Large rocks and
fine dirt was discarded and the remaining sample was mixetiealer with water. | then
poured the floating organic matter over coffee filters atowed the processed organic matter
from the soil samples to dry. Henbane seeds were identifieg a dissection microscope,
removed from the soil samples, and counted.

As a corollary to the seed bank question, | performed aigation experiment in a
growth chamber at Colorado State University with seetisated from plants in the field in an
effort to determine if seeds remain viable multiple yelaosed seed collected from 4 Colorado
populations, 3 Wyoming populations, and 2 Montana populatiofssixperiment. Seeds were
collected n the fall of 2008, 2009, 2010, and 2011 and stored at 2°C until they were used in this
experiment in November 2012. Fifty seeds from mixed mateonatss but collected from the

same population were placed on moist filter paper in pl&siri dishes. Filter paper was
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watered twice daily to maintain moist conditions. All seedsevkerpt in a germination chamber
set to a 14/10 hour day/night photoperiod and 20°C temperature. Agsesuisated each day
they were recorded and removed from the dish. | endeekperiment after 22 days, at which
point germination rate across all dishes had greatly deedeand 3 days had passed with no
germination at all.

| used a mixed linear model (Proc. mixed) to evaluate ffereince in germination rates
of seeds collected from plants in different years.lysia included the collection year and the
total growing degree days at the site during MaySeptember 30 of the collection year as fixed
effects with state treated as a random effect. Gerimmedtes were log transformed to meet the

assumptions of the model.

Population dynamics

To determine the average size and variation of theo$iréroduced populations as well
as trends in population growth and/or decline over mulgpdeving seasons | visited naturalized
populations of henbane. For this effort, it was importiaat sites | surveyed were not treated
with herbicides or other weed management practices. Althaughot efforts for this species are
active and ongoing, | was able to sample 15 sites in Montdiyaming, and Colorado in July of
2009, 2010, 2011, and 2012. At each site, | counted the number tésptee number of adult
plants, and the total number of plants at each site.

| used repeated measures analysis with mixed linear modets iffitxed) to determine
the factors that influence population size through timg nddels included the previous year’s
population size as a fixed effect. Population size data legr(N+1) transformed to meet the

assumptions of the model. | included a number of climati@bles and population attributes in
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the analyses in an effort to predict population size fromyear to the next. These variables
included site elevation, yearly total precipitation atghe May-September as well as the total
precipitation during the previous year, yearly mean tentperat the site MaySeptember,
yearly number of growing degree days Mageptember, the total number of plants in the
population the previous year, the yearly number of rosptessent in the population as well as
the previous year, and the yearly number of flowering plprésent in the population as well as

the previous year.

Demography

To determine the timing and frequency of plant mortalityntroduced populations, |
marked and tracked plants throughout their life cycle atl@ sies. | visited sites located in
Colorado (Parshall-3) and Wyoming (Arlington) in late Mayd4duly, and late September of
2011, and late June 2012. Plants at these sites were not spitdybdrbicides or managed by
land owners or county weed managers over the course afalgetion. Two 1 by 9.7 meter
transects at each site were marked with stakes anatineléries of 60, 30.5 by 48 centimeter
guadrants within those transects marked with nails. Uniquehbered metal tags were nailed
into the ground at the base of rosettes to mark all henbaettas within each transect. New
rosettes were tagged as they were found in late May andutyidf 2011 at both sites. |
measured the area of each rosette as well as the lengthidth of the largest rosette leaf at my
Colorado site in July 2011. | recorded total number of rosedteek, an herbivory rating using
the scale presented in Lewis et al. 2006, | measured viegetamposition and competition
using 2 Daubenmire frames placed on opposite sides obskte and estimated percent cover

of forbs, grasses, rocks, litter, bare ground, and o#@@ndne plants for each rosette at both sites
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in late September 2011. My final data collection at ba#s svas in June of 2012. At this point
all plants were either bolting or dead. At this pointdasured the height of all flowering plants,
the number of branches, the total number of seed capantksan herbivory score of each adult
plant. My count of seed capsules is not the total seetlipeal by each plant (because | visited in
June rather than the fall), but my counts give a good cosgeaf plant size and maturity
between the two henbane populations.

| used mixed linear models (Proc. mixed) to evaluate theteffeclimate and first year
plant characteristics on mature plant size (e.g. plighbhand number of branches) and
reproduction. | treated September 2011 rosette size and¢haction between mean
temperature in 2011 and total precipitation in 2011 as fixedtsfénd population as a random
effect. June 2012 plant height data were square root transfoomezet the assumptions of the
model. Next, | used a generalized linear mixed model (Procmipirwith binary distribution to
assess the effect of first year plant charactesisinsect herbivory, and bare ground (i.e.
competition) on plant overwintering survival. Analyses inctidepulation, rosette size in
September 2011, the level of above-ground herbivory as medasugeptember, and the amount

of bare ground around each rosette which were all treatieced<effects.

RESULTS

Reproduction
The greenhouse pollination experiment showed that self-padimaan produce viable
seeds. Hand-pollination improved seed production in selfed fipweth hand-pollinated

flowers producing, on average, a little more than tweenany seds than flowers that were

34



bagged, but not pollinated by hand £&= 10.11,P=0.0035). Thus, introduced henbane has the
ability to self, and outcrossing is not obligate.

Surprisingly, henbane does not benefit from outcrossing wattitgfrom other
populations, with comparable amounts of seed produced whes plarg crossed with siblings,
other plants within the same populations, or plants fréf@rdnt populations (£, = 0.12
P=0.7507, Figure 2.1)There was also no significant difference in massaiidual seedgF 47
= 0.37, P=0.5438) between crosses. Therefore the similar resutissacross types reflect not
only the overall seed mass produced but also the numbeed$ produced.

The crosses produced substantial numbers of seeds, corafgarti® number of seeds
per capsule produced by plants in the field. A randonectidin of 48 mature, unopened seed
capsules from 2 different field populations yielded agrage of 219.95 £10.07 mg of seeds per
capsule. My selfed crosses in the greenhouse producedrageed 187.87 £14.9Mg of seeds
per capsule (85.4% of the average yield of field plants) wiml@utcrossed plants in the
greenhouse produced an average of 207.48 +0.09 mg of seeds per (@p83eteof the average
yield of field plants).

The mass of the seeds produced was linked to germinatiorsuateshat crosses that
produced lower total seed mass had lower germination ratesE9.68,P = 0.0005, Figure
2.2). In general, though, germination rates were high: between 76.87aé percent germination
(Figure 2.2). Elevation from which the maternal plant wadlected (F; 15 = 0.07 P = 0.7954)
the cross performe(; 15 = 1.54 P = 0.2338), and the si§2915 = 1.23 P = 0.3436) did not

affect germination rates.
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Field Performance

On average across all populations, an individual plant pesdut5 +18.2 (mean £ 95%
Cl) seed capsules (estimated to be 25,300 +4,004 seeds) by tHelalyd ©his contrasts with
data from 1936 and 1939 in introduced British populations (Sajiskl42). There, plants
produced an average of only 19 +3.5 seed capsules. In sobthece (the native range) in 2010
one population of 17 plants had an average of 52 +19.6 seedesapsuplant. None of these
confidence intervals overlap, establishing that my North Asaerplants in the introduced range
produce significantly more seed capsules than not onlydpelation in France (native range),
but also plants in Britain 80 years ago.

My field data showed that plant height is a good predicttnefhumber of seed capsules
(R* = 0.61, 523 = 787.19P < 0.0001, Figure 2.3). Model selection revealed precipitatinl
growing degree days to be most influential on seed capsuegimon and site elevation,
precipitation and growing degree days to be most influeniglant height (See appendix,
Table 4.1). The best model for seed capsule production gttlodal number of growing degree
days May 1- September 30 and total precipitation May $eptember 30 as fixed effects (See
appendix, Table 4.2). The best model for plant height incltmtetinumber of growing degree
days May 1- September 30, the previous year’s total precipitation May 1 — September 30, the
previous year’s total growing degree days May 1 — September 30, and site elevation as fixed
effects (See appendix, Tables 4.3 and 4.4).

Higher precipitation during the second summer, when saed®rmed, increased seed
output(Fy 496 = 4.56,P = 0.0333). Plants also have higher yigHgs9s= 16.11,P < 0.0001), but
are smaller in statur@; 74s= 42.19,P < 0.0001) when they experience a greater number of

growing degree days during the second summer of growth.
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Of the populations | studied, plants at higher elevatiand lower latitude) are shorter
(F1,31=37.47,P <0.0001). A higher number of growing degree days4f= 5.05,P = 0.0249)
and more precipitation (F4s= 16.82,P < 0.0001) during the rosette stage also yield shorter

second year, mature plant

Seed ecology

| collected as many as 469 seeds from a single soillsgd®? cubic centimeters). At
that density there could be 146,093 seeds per square meter.r@yezaeoss all 3 sites, |
estimate 15,596 +4406 seeds per square meter. The greatagealensity of seeds at one site,
33,424 +9140 seeds per square meter, was found at Arlington, Wyonengafsie 2.1 for
location). This is likely due to the high plant densityheit tsite.

Germination success of field-collected seed did not differollection yeafF; g9 = 1.81,
P = 0.1834). Germination rates were 12.6 +5.3%, 29.9 +7.1%, 24.1anti3,6.0 +9.1% for

seeds that were 1, 2, 3, or 4 years old, respectively.

Population dynamics

Surveys of population characteristics and size rewaltenbane populations in the
survey area are found exclusively in highly disturbed siteseaan then, are relatively small.
Interestingly, the size of invasive populations fluctua@snatically from year to year. There is
not a pattern of comtent population growth or decline, rather populations ms®d in size by
up to 40 fold and decreased in size by up to 100 fold over tireecof three growing seasons

(Figure 2.4)
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Of all the plant count, location, and climate factbeg were included in my model the
only climatic factor that had an influence on total populatin@ was total precipitation: a
population that experienced higher levels of precipitatiom year was likely to have a larger
total population size the following yeéf; »9= 6.65 P = 0.0152). Surprisingly, even the total
population size one year did not predict the next year’s total population size (F129= 0.6Q P =
0.4453), though the number of rosettes present in a popudtithe end of July was positively
associated with the number of flowering plants in thatutetion the following yeaF; 29 =

8.01 P = 0.0084).

Demography

Plants that were tagged and monitored over the 2011/2012 growing seasaled both
timing of germination and of mortality (Figure 2.5). While bgdrmination and mortality span
the entire length of the growing season, typically M&eptember, there were two main periods
when rosette death occurred: July-September, when the plargdirst year rosettes and over
winter (Figure 2.6). The Wyoming site experienced the biggest(57%) in number of rosettes
between July and September while the Colorado site hdigdest loss of rosettes (63%) over
the winter. Overall, 18.4% of all tagged Colorado plantsiged to reproduce while 30.8% of
all tagged Wyoming plants survived to reproduce. Interestinglgllesnrosettes in September
2011 not only survived the winter, but became the taller pianiune 2012 (R4= 9.95,P =
0.0029).

In addition to monitoring plant survival, | also evaluatieel effects of climate variables
on plant performance. Plants that experienced the 2011 greeason (May 1, 2011

September 30, 2011) with a higher mean temperature and mogtpten (the Wyoming
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plants) were taller (precipll*templl, &= 154.41P < 0.0001), had more branch&g 44 =
45.59,P < 0.0001), and had more seed capsules:#27.34,P < 0.0001) when they were
measured in June 2012.

Overwintering survival of rosettes differed significantly betwpepulations (Fi02=
6.86 P = 0.0101), but rosette area in September 2011,4{E 0.3Q P = 0.5872), level of above
ground herbivore damagei(fo.= 1.69 P = 0.1966), and the amount of bare groung, =
0.17, P =0.6847) did not predict overwintering survival well. Withie thdividual populations
none of the variables | tested predicted overwinteringigirwell, though there was a trend that
rosettes that were surrounded by more bare ground in 2011 had ragna@ebility of survival

(Figure 2.7, F43=0.04 P = 0.8519).

DISCUSSION

The questions of whether and how to manage an introducedsgepends, at least in
part, on population dynamics. If populations of a well{gigthed invader (beyond the point at
which eradication might be feasible) are growing and beaopmore dense, then they might
warrant management to reduce further spread as well as mengrological effects on local
habitats. However, if populations are not consistently grgwthen management efforts could
perhaps be better focused elsewhere. Knowledge of thelyingdactors that can drive plant
population size fluctuations (e.g. reproductive strategy ancitgpseed bank capacity and seed
longevity, plant demographics within populations) and how unmanagadations persist over
time need to be considered when creating management programsdéstanding of

differences between native and introduced plants canlheipnate some of the reasons for
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success of introduced populations. In blaekbane’s case, one important difference | found is
the fact that introduced plants are self-compatible.

The family Solanaceae is largely self-incompatible, withgélf-incompatibility
mechanism (S-locus) being basal to the group, and approxind@ehyilion years old
(Steinbachs and Holsinger 2002). Some solanaceous speaiaghetancestral self-
incompatibility mechanism (lgic et al. 2004; Miller et al. 20B&hman and Kohn 2000) while
many have transitioned from self-incompatible to self{gatible (Igic et al. 2004, Igic et al.
2006). The shift from self-incompatibility to self-compatibilisyone of the most common
evolutionary changes in angiosperms (Stebbins 1974). Selfpatibility is often lost within a
taxon and the transition is rarely, if ever reversgit(ét al. 2008). Results from my pollination
experiment provide evidence that introduced henbane is alad,targl is not an obligalte
outcrossing species. This is the first confirmatiosaffcompatibility in introduced henbane
and the only confirmation for the species in the publigkeglish language) literature. Whether
native populations of this species are able to self is wumknth is conceivable that introduced
populations of henbane may have evolved the ability taself time, either prior to or
following introduction and that self-compatibility may i&ate the spread of this species
(Stebbins 1957, and see Baker 1967).

In a predominantly self-fertilizing population, selectioniagbdeleterious alleles will be
strong and after such alleles are purged from a populdtierpotential advantages of
outcrossing will be reduced. True to the models presentecebpiBs (1957) and Lande and
Schemske (1985), henbane is a selfing, introduced speciam#shot show an advantage from
outcrossing in this study. The lack of an outcrossing adganshown in my pollination

experiment could also be because introduced populatidrenbBine may already have high
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genetic diversity within populations. Alternatively, it is@lpossible that we do not see an
advantage from outcrossing in my experiments because isytsm, an advantage may not be
expressed until the plant is older, sometime aftest peeduction and germination

It is important to note that the mass of seeds produced mvmgreenhouse pollination
experiments should not be compared. Anthers were left intagy self-pollination experiment
whereas anthers were removed in all of the treatmemty mutcrossing experiment. In a
separate experimehfound a significant effect of anther presence, wherebpverg anthers
actually increased seed set (data not shown).

My record of plants in naturalized populations producing 115 +H&@ sapsules, on
average, contrasts with the data from Salisbury (1942) lbseleations collected in southern
France in 2010. Though the native range data are scangréhegnsistent with a pattern seen in
many other invaders, introduced individuals and populatientaeger (Abela-Hofbauerova and
Munzbergova 2011; Blumenthal and Hufbauer 2007; Brown and Eckert 2Q@fgdah and
Parker 2008; Flory et al. 2011; Fukano and Yahara 2012; Harris2&1&l, Hodgins and
Rieseberg 2011; Huang et al. 2012; Keller and Taylor 2010; Lavargh®olofsky 2007;
Rogers and Siemann 2005; Wolfe et al. 2004).

My studies showed a significant effect of growing degree ldaghing to higher seed
output of henbane plants. Higher moisture levels and teiyes lead to higher survival and
fitness of henbane. As the climate changes and temperatarease, we may see a change in
henbane populations to be more dense and less ephemehalr Bgd production in introduced
plant species has been documented in other systemssagdtafelimate change (Redman et al.
2011; Smith et al. 2000; Wookey et al. 1993) and thus should ibeslgrconsidered in future

research of black henbane.
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Henbane seeds typically fall to the ground directly belowpthlt where they were
produced. This creates soil seed banks that are rich enbaime seed in the top few inches of
soil. Intuitively, the size of the seed bank increasils plant density. Seeds remain viable over
multiple years with no obvious difference in germinatiates between seeds that have matured
in the last year as opposed to seeds that matured 4 ydems €her than chilling (storage of
seeds in a refrigerator) | did not use any form of chergeahination promoter or scarification
in my seed germination experiment. | did, however, notd#erence in germination rates
when comparing my pollination germination results to my feellected seed germination
results. Seeds produced from my pollination experiment hagharhoverall germination rate
(85%) while field collected seed had a much lower germinatien(29%). Seeds germinated in
both experiments were stored for similar amounts of &tnthe same temperature and both
germination experiments were carried out following the samcol. Seeds were also collected
off of plants in the greenhouse and from plants initld &t the same point of seed capsule
maturity. | hypothesize that hand pollination produces sedtishigher germination rates when
compared to naturally pollinated seeds in the field. Lower igation rates in field pollinated
seeds may be attributed to a pollen-transmitted fungal patlwwgémis vectored by a pollinator,
as has been observed witbbacco ringspot-virus which is known to infect solanaceous plants
(Yang Hamilton 1974). However, other studies that include theigation of henbane seeds
report varying levels of success, between 0 and 80% germinsdidgnis possible that
germination of henbane seeds is inherently variable (Cirak 2004; Sharma et al. 2006).

The germination rates observed in my trial with fieltlestied seeds are reasonably
comparable to natural germination rates that would ocdineifield (Radosevich et al. 1997). |

note from field observations that germination begingaaly as May and may occur as late as
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October. While we know that there are many seeds in the ae&dhd seeds from multiple
years germinate, populations are not consistently largiegen Thus, the size of soil seed banks
and seed germination rates are not likely to limit populatio@ after initial establishment.

Populations of introduced henbane vary in size from oneidoced another, and from
year to year. If black henbane were aggressively invasivesimedion, then we would expect
populationgo increase in size, but they are not. | should notertlyaselection of a limited
number of unmanaged sites is not a random sample, and gopthlations used in this study
might be smaller populations than those populations thahanaged at other locations. The
dynamic fluctuations in population size of the locatiostuldied could be due to climatic factors.
In both my field survey of population size changes ¢wee and my demography study, higher
levels of total precipitation at a site led to high yietdmature plants as well as larger overall
population sizes. Population sizes fluctuate dramaticatlyd®n years and cannot be predicted
confidently from one year to the next because future tation levels, the size of the soil seed
bank, and availability of open spaces for germination gedily unknown.

In my demography study both populations exhibited great fltiotua total size over
time as well as considerable plant mortality in the n@ddIthe growing season. The amount of
total plant mortality over the entire growing season thatorded at my Wyoming site (69.2%)
and my Colorado site (81.6%) is similar to that found in otiwverwintering biennial plant
species Verbascum thapsus Gross 1981 [79%, 30%, 57%, 38%]cris hieracioides Klemow
and Raynal 1985 [55-70% & 80%]ysimachia rubida Suzuki et al. 2003 [94% & 98%
mortality]).

Water availability and competition with other plants areophidy the most limiting

factors to henbane population size and growth. Selleck (1864) fthat seeding an already
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infested area of henbane with crested wheatgrass or trasseresulted in complete control of
the henbane. He also found, however, that black henbantatidas maintained their vigor in
areas with greater water availability (Selleck 1964). Mecently LaFantasie and Enloe (2011)
presented henbane as a poor competitor in their experintérd wative grasses. LaFantasie and
Enloe (2011) grew henbane with and without 3 species of natieamal grasses that are
typically used in restoration projects. Total biomaskesfbane was found to be as much as 99%
lower when the plants were grown in the same pot as masseg. Competition with henbane
had little effect on the species used as competit@isghtasie and Enloe 2011).

My data emphasize the importance of precipitation for hepapulations to be large
and composed of high yielding plants. If water availabilitg aompetition are indeed limiting
factors for henbane population success, then populationbeniapited to areas that experience
adequate rainfall.

Introduced henbane is able to self and plants produce cogiedsSeed banks are large
and seeds remain viable for at least four years with naeppdecline in viability. Growing
seasons with more growing degree days and ample precipieattmurage large population
sizes, although population sizes fluctuate dramatically tiver. When there is population
decline, it may be due to the high number of rosettesithabt survive the winter. It is possible
that introduced populations of henbane will naturally fluctaaie disappear (without the need
for common weed management practices and herbicide appiicatihen they are outcompeted
by native or other introduced plant species. We now know tatlations in the western United
States are ephemeral, but the seed banks and potentabfe population outbreaks are present
However, henbane is prolific and has been shown to causass#rieats to livestock and

humans. Given that this weed is toxic, it is crucial totidgmfestations and manage

44



populations. To do this, plants should be controlled poiceed set. Where populations persist,
it is best to control henbane infestations with tillagd planting of competitor native grasses

and plants.
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Table 2.1. Location and elevation of field observatioth s&ed collection sites, GPS
coordinates, and the years in which each site was visited.

State County Location Eli‘ilta:i(::)Of GPS Coordinates Years visited
Introduced range
Colorado Grand Granby 2373 40.1501, -105.9284 2009, 2010, 2011
Kremmling 2402 40.1257,-106.3349 2009, 2010, 2011, 2012
Parshall-1 2481 40.0002, -106.1309 2010, 2011
Parshall-2 2367 40.1046, -106.0012 2009, 2010, 2011, 2012
Parshall-3 2343 40.068, -106.2573 2009, 2010, 2011, 2012
Parshall-4 2363 40.0349, -106.2382 2009, 2010, 2011, 2012
Montana Beaverhead Dillon-1 1581 45.173,-112.7026 2009, 2010, 2011, 2012
Dillon-2 1737 44.9865, -112.9972 2009, 2010, 2011, 2012
Dillon-3 1865 44.6976, -112.7098 2009, 2010, 2011, 2012
Dillon-4 1986 45.168,-112.4303 2009, 2010, 2011, 2012
Broadwater Townsend-1 1395 46.2248,-111.3733 2010, 2011, 2012
Townsend-2 1160 46.3355, -111.5086 2010
Townsend-3 1429 46.252,-111.2929 2010, 2011, 2012
Townsend-4 1222 46.3225, -111.5485 2009
Townsend-5 1436 46.3179, -111.6332 20009, 2010, 2011, 2012
Townsend-6 1270 46.0785, -111.578 2009
Cascade Belt 1228 47.2805, -110.8164 20009, 2010, 2011, 2012
Cascade 1404 47.239, -111.8654 2009, 2010
Great Falls 1031 47.4079, -111.3062 2010
Park Livingston-1 1369 45.6847,-110.5149 20009, 2010, 2011, 2012
Livingston-2 1399 45.7041, -110.4115 20009, 2010, 2011, 2012
Wyoming Carbon Arlington 2356 41.6069, -106.2082 2009, 2010, 2011, 2012
Rawlins-1 2241 41.7491, -106.4638 20009, 2010, 2011, 2012
Rawlins-2 2180 41.7879, -106.4672 2009
Park Cody 1678 44.4832, -109.3459 2009
Sweetwater Rock Springs-1 2301 41.0566, -109.3376 2010, 2011, 2012
Rock Springs-2 2301 41.372,-109.139 2010, 2012
Rock Springs-3 2346 41.4515, -109.171 2009, 2010, 2011
Rock Springs-4 2244 41.3583,-109.2694 2009, 2010, 2011, 2012
Teton Jackson Hole-1 1876 43.3893, -110.7347 2010, 2011, 2012
Jackson Hole-2 1832 43.4249, -110.7757 2010, 2011
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Jackson Hole-3 1891 43.435, -110.7764 2010, 2012
Jackson Hole-4 1874 43.4231, -110.7754 2009, 2010

Native range

France Causse-de-la-Selle 306 43.78177, 3.60095 2010
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Figure 2.1. Mean mass of seed produced (mg) as a functiba bfeeding cross that was
performed. Data are means +/- 1 SE bars. Differencesbattreatments are not significant {F
=0.12 P=0.7507).
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Figure 2.2. Percent germination of seeds produced in the pollir@atperiment. Crosses that
produced greater mean total seed mass had higher germirzai&isoverall.
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Figure 2.4 Data shown here, transformed on a log scale, show ther |pattern of population
dynamics within and among my study sites in Colorado,t®tmnand Wyoming. There are
dramatic fluctuations in population sizes over 3 growingGes.

51



First spring
Summer
First spring Fall
Summer Winter Second spring
Fall Second spring Second summer
Seed bank Seedling Rosette Adult

Mortality

Figure 2.5 Schematic diagram of the life cycle of black henbanas&ual timing of each stage
of plant growth is represented in the boxes above gashth stage.
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Figure 2.6 The proportion of henbane plants in my demography studstingived over time.
Data are from two locations in Colorado and Wyoming.
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CHAPTER 3: SIMILAR LEVELS OF RESISTANCE AND TOLERANCE IN NAYE AND

INTRODUCED PLANTS OF COMMON MULLEIN YERBASCUM THAPSUSLL.)

CHAPTER 3 OVERVIEW

A number of hypotheses put forth to explain the succeswasive plants posit that
changes in plant defense facilitate invasion successe\we of the literature show mixed
support for changes in herbivore pressure and levels ofamests There are few data available
on the role of tolerance in plant invasions. Becausadeoff in plant defense characteristics
could potentially facilitate invasion, it is important to stunh resistance and tolerance as
mechanisms of defense in plant invasions. Here | meassigtance and tolerance of native and
introducedVer bascum thapsus (common mullein) in a collection of eight differes@mmon
garden experiments. A specialist herbivdegriinetron tetrum) and a generalist herbivore
(Trichoplusia ni) did not show a preference between native and introduced plastisice
experiments, suggesting plants from both ranges have sleviéds of defense to herbivory. The
specialist weevil fed more on highly defended young leaves ftodiuced plantsTrichoplusia
ni larvae fed more on older leaves. Tolerance to clippidgdi differ between native and
introduced plants. Indeed, there was no significant diftexrémthe amount of above ground
biomass re-growth or in the final below ground biomass betwestrol plants and those that
lost 60% of their aboveground biomass. These results supgestinder the environmental
conditions of my experiment, both introduced and natiu#teim are similarly defended and
extremely tolerant. Comparative levels of defense tm#ttwe range and high tolerance may

contribute to mullein’s success in the introduced range.
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INTRODUCTION

Two important hypotheses to explain what enables a spediesdme invasive are the
enemy release hypothesis (Keane and Crawley 2002) andaibéi@v of increased competitive
ability hypothesis (EICA, Blossey and N6tzold 1995). The enast@ase hypothesis proposes
that invasive species escape the top-down population regulagmsed by their native natural
enemies (including herbivores, for plants). A consequeneeaerhy release for invasive plants is
reduced selection for resistance against herbivores, andahibeen hypothesized (EICA) to
further facilitate invasion by freeing resources for gro(@&lossey and N6tzold 1995). There is
strong support for enemy release in a number of invagwe populations (Adams et al. 2009;
Keane and Crawley 2002; Liu and Stiling 2006; Mitchell and Power 2008g\®002), and
mixed support for EICA.

Several direct tests of EICA lend support to the hypottiBdisnenthal and Hufbauer
2007; Leger and Rice 2003; Siemann and Rogers 2001; Wolfe et al. B@dBver, a number
of studies show no difference in size or reproductiowden native and exotic conspecifics
(Maron et al. 2004; Thébaud and Simberloff 2001; van Kleunen emahi® 2003; Willis et al.
2000), and one (Bossdorf et al. 2004a) provided evidence for #s@mveduced competitive
ability in invasiveAlliaria petiolata. Reviews of the literature confirm this mixed support across
multiple studies (Bossdorf et al. 2005; Hinz and Schwardie004).

Muller-Scharer et al. (2004) further refined the EICA hypsithey distinguishing
between specialist and generalist herbivores. While introduleets often gain generalist
herbivores in their new range, it is typically the spkst herbivores that they escape. Effective
defenses vary for specialists and generalists (Ali andwagra012) and levels of defense may

vary not only among plants, but may also vary withiigle plant (Traw and Feeny 2008; van
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Dam et al. 1995). The optimal defense theory posits tHatelifces in risk of herbivory select
for different parts of plants to be more or less defdnded in particular that nutrient rich young
tissues should be more defended than older tissues (M@l Rhoades and Cates 1976).
Research on optimal defense theory indeed demonstratg®tinger, more valuable leaves are
in general more highly defended than older leaves (Allah €012; Ohnmeiss and Baldwin
2000; van Dam et al. 1996; Zangerl and Rutledge 1996). When congitlegilarger picture of
plant defense and plant-insect interactions, howegsistance against herbivory is not the only
strategy plants use in coping with herbivores and theiladamrolerance can also be an
important mechanism of plant defense (Muller-Scharek 8084; Strauss and Agrawal 1999).
Tolerance to herbivory is the ability of a plant to comp#sm$or damage through re-
growth or reproduction (Ashton and Lerdau 2008; Strauss and Agi@®88] Weis et al. 2000).
Ecological theory predicts a tradeoff between resistandetolerance to herbivory (Strauss and
Agrawal 1999), and a number of studies confirmed this predi¢Eimeblum and Rausher 1995;
Leimu and Koricheva 2006; Mauricio et al. 1997). Currently, elae few data available on the
role of tolerance in plant invasions, but one spe@&asium sebiferum, exhibits increased
tolerance and decreased resistance to native insectdred{Zou et al. 2008a). Many invasive
species grow faster (Siemann and Rogers 2003; van Kleuner2@1@) and larger than native
conspecifics (Abela-Hofbauerova and Munzbergova 2011; Blurakatid Hufbauer 2007,
Brown and Eckert 2005; Dlugosch and Parker 2008; Flory et al. 2011Ind-aka Yahara 2012;
Harris et al. 2012; Hodgins and Rieseberg 2011; Huang et al. 2012; &=dld aylor 2010;
Lavergne and Molofsky 2007; Rogers and Siemann 2005; Wodfle 2004). The fact that
tolerance is correlated with increased growth (Ashtahlzerdau 2008; Weis et al. 2000),

suggests the possibility that plant invasions may bétéded by a greater tolerance to damage
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by generalist herbivores. If tradeoffs exist, this couldided to decreases in resistance to
herbivory. It is therefore important to examine both rasist and tolerance as mechanisms of
defense in invasion ecology (Chun et al. 2010; Zas 20al).

A small but growing body of literature compares tolerandeoth tolerance and
resistance between native and introduced plant populdi#dslasha and Joshi 2009; Bossdorf
et al. 2004b; Huang et al. 2010; Rogers and Siemann 2004; Rogergachis2005; Wang et
al. 2011; Zou et al. 2008a; Zou et al. 2008b). Seven of these (Atzhdasl Joshi 2009; Huang
et al. 2010; Rogers and Siemann 2004; Rogers and Siemann 2005e0VgarZP11; Zou et al.
2008a; Zou et al. 2008b) out of the eight studies found increalsedrice in introduced
populations relative to native ones while one (Bossdorf @0é84b) found no difference in
tolerance in introduced versus native populations. Fiveeogidpht studies measured resistance
in addition to tolerance (Abhilasha and Joshi 2009; Bossdaff 2004b; Wang et al. 2011; Zou
et al. 2008a; Zou et al. 2008b). One study found increased nesistaintroduced plants
(Abhilasha and Joshi 2009), one study found no difference betarges (Bossdorf et al.
2004b), and three studies (Wang et al. 2@bl et al. 2008a; Zou et al. 2008b) found evidence
for increased tolerance as well as reduced resistanoaduced populations relative to native
ones.

Verbascum thapsus (common mullein, hereafter mullein) is an ideadtsyn to compare
levels of resistance and tolerance of herbivory as roaotparative data are available on native
and introduced populations. Plants from introduced populagion faster and larger than those
from native populations (Alba et al. 2011) and there are diffags in allocation to defenses
against generalist herbivores between different agesfotigsue of introduced plants (Alba et

al. 2013). Alba et al. (2013) found support for the optimal defdesmy with younger leaves
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being better defended from a generalist herbivore (i.e. highels of iridoid glycosides as a
chemical defense) than older leaves. Additionally, tagmitude of the difference in defense
allocation is larger for introduced plants than natianid (Alba et al. 2013). Here | use mullein
plants from a broad sampling of both native and introduoedlptions to determine if there are
differences between plants from both ranges in remistto a generalist and a specialist
herbivore, if resistance levels to those herbivoreg with leaf age, and if there are differences

between ranges in plant tolerance to simulated herbivory.

METHODS

Sudy system

Common mullein is native to Eurasia and was introduced tchMorterica by early
European settlers for use as a medicinal plant (Grose/ander 1978). Today, mullein is found
in all 50 of the United States and 10 of 13 Canadian provamess listed as a noxious weed in
Colorado, Hawaii, and South Dakota (USDA PLANTS database) eMiplopulations in
western North America are larger, denser, and composadjef Iplants than populations found
in the European native range (Alba and Hufbauer 2012). Popdatie often found in disturbed
areas (e.g. following fire), along roadsides and in rookg $§Gross and Werner1978). Plants are
biennial, forming a rosette during the first season and maitgrowth and then bolting and
flowering in the second season (Gross and Werner 1978)dlitied populations have escaped
from several guilds of herbivores found in the nativegea and have escaped most of their

specialist herbivores (Alba and Hufbauer 2012). Herbivorous msette introduced range
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include generalist grasshoppers, and two co-introduced spespiges: a thrips and a seed-

head weevil idaplothrips verbasci andGymnetron tetrum).

Plant sampling and growth

With the help of colleagudscollected seeds from 12 populations in the native range and
51 populations in the introduced range (Table 3.1). Seeds wlé&reted and mixed from
multiple seed capsules per plant but kept separate by maitmiaand stored at 3.4°C until
planting. | germinated seeds in germination peat pelletsraist bench (24.8/19.9°C average
day/night temperatures; 59.5/77.4% average day/night humiditygn\Wie seedlings were 6
weeks old they were transplanted into 1-gallon pots withrBadotting media. All plants were
randomized and grown in the Colorado State University gremseh®1.9/18.4°C average
day/night temperatures). Plants were watered as neededyliyypvery three days, and were
fertilized once with Osmocote, a slow-release fertilitgrew seven replicates of each maternal
line. Three replicates were used for the resistance iexpets and four replicates were used for

the tolerance experiments.

Insect rearing and collection

All larvae (generalist) were raised from eggs collected fadab colony offrichoplusia
ni (cabbage loopers). Larvae were kept in growth chambets aet6/8 light/dark photoperiod
and 25.6 degrees Celsius and fed a pinto bean Lepidopteratdidtinstar larvae were used for
each of the experiments. All larvae were starved for 2he2Bs prior to the start of the

experiments.
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Gymnetron tetrum (commonly referred to as mullein seed-eating weevils), dgtcia
herbivores on mullein that have also been introduced tthManerica, were collected from a
naturalized and unmanaged population of common mullein inCGedlihs, CO. Weevils were

starved for 24-26 hours prior to the start of the experisnen

Resistance to herbivory
Soecialist herbivore: leaf age

To evaluate whether a specialist weevil differentiates etvmeore highly defended young
leaves and less defended older leaves, and whether the dégitferentiation depends upon
the origin of the plant (native vs. introduced), | contddcan experiment in which weevils were
given a choice between discs of young (fourth whothefplant) and old leaves (bottom whorl
of the plant) in a Petri dish. Both leaves were framsame plant. Thirty two plants, one from
each of 12 native and 20 introduced populations were randeielgtad for this experiment.
Five G. tetrum weevils were placed in a large plastic Petri dish vhighttvo leaf samples.
Because there is a substantial size difference betygeerg and old leaves and | did not want
the weevils to select a leaf based on size rather deathing preference, | cut discs from each leaf
with a 2-inch diameter biscuit cutter. Leaf discs waaeed on moist paper towel in the Petri
dish and weevils were allowed to feed for 45 hours. Weevilotoause easily visible feeding
damage on mullein leaves, thus data were collected on wieengls were found (young leaf,
old leaf, neither leaf) at 1, 5, 10, 20, 25, 30, and 45 houssed a linear mixed model (Proc.
mixed) repeated measures analysis with a covariance striygiarAR(1) to evaluate if the
proportion of time spent on young and old mullein leavierdd, and whether any preference

for young vs olddaves differed by the range of the plant’s origin. Time, range, leaf age, and the
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interaction between range and leaf age were treatexeasdffects while population of the
maternal line nested within range was treated as a ranffiech ia my model. The subject ahy
repeated measures was the plant. All statistical analysescarried out in SAS, version 9.3

(SAS, Cary Institute, NC 2010).

Specialist herbivore: plant range

To evaluate whether a specialist weevil showed a feeding @netefor plants from the
naive or the introduced range, | performed a choice tastwinole-leaf samples from both
ranges. Sixty-eight plants from 12 native and 47 introduoedlptions were randomly selected
for this experiment. Te®. tetrum weevils were placed in a large plastic Petri dish twiith
similarly sized leaf samples collected from randomlygzhplants from the native and
introduced range. Leaf stems were wrapped in moist paper tod/é&he leaves were placed in a
dish that was lined with another moist paper towel. Weevite akowed to feed for 45 hours
and were then removed from the dish. Weevil locationgvg&eaf, introduced leaf, neither leaf)
were recorded at 1, 5, 10, 20, 25, 30, and 45 hours and propbdaia is presented here. | used
a linear mixed model (Proc. mixed) repeated measures analifsia covariance structure type
AR(1) to determine if the weevils preferred native or introdunatlein leaves. Time and range
were treated as a fixed effect and population of the matiereanested within range was treated
as a random effect in my model. The subjeahgfrepeated measures was the plant. The
PARMS statement was used to specify initial values ®icthvariance parameters and achieve

convergence of the procedure.
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Specialist herbivore: whole plant selection

To observe natural levels of colonization and plant ehmia& field setting, | moved potted
mullein plants outdoors and recorded the numb&. &&trum that colonized each plant.
Between one and three plants (157 total) from each of M ratd 47 introduced populations
were grown in the greenhouse and then moved outdoors in HbmsCGolorado. Plants were
randomly organized on the greenhouse bench as well as cuadabwere randomly re-arranged
weekly. All plants received ample water as necessapically every other dayG. tetrum
naurally colonized the plants. | recorded weevil preferensget four weeks apart. Weevils
were not disturbed and the plants were not moved (excegrfdomizing them) during the time
span in which data were collected. | used a linear mixed njPdst. mixed) repeated measures
analysis with a time series structure type AR(1) to deternfithe weevils were more abundant
on native or introduced mullein plants. Range was tresedfixed effect and population of the
maternal line nested within range was treated as a ranifiech ie my model. The subject ahy

repeated measures was the plant.

Generalist herbivore: leaf age

Similar to the choice test for leaf age with a speciaisect, | tested for a preference
between young leaves and older leaves with a generaesttiMy feeding assay set-up was
nearly identical to that with the specialist weevil, @sllected two leaf samples from the same
plant, one sample from a young (fourth whorl of thenpléeaf and another from an old (bottom
whorl of the plant) leaf. In an effort to standardilze leaf areas and focus the larval choice on
palatability and preference, | again cut discs from eadhwiéh a 2-inch diameter biscuit cutter.

| sampled 33 plants from 12 native and 21 introduced populatibich were randomly selected
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for this experiment. Oné. ni larva was placed in a large plastic Petri dish with keaf discs,
which were placed on moist paper towel in the dish. Thirciratvae were allowed to feed for
48 hours and were then removed from the dish. Leaf disessganned and ImageJ software
was used to obtain leaf area remaining measurements (&ehaeal. 2012) used a linear

mixed model (Proc. mixed) to determine if the generalist herbipreferred young or old

mullein leaves and if that preference was different fangs from the native versus the
introduced range. Range, leaf age and the interaction &etwage and leaf age were all treated
as fixed effects in the model. Population of the matdimanested within range was treated as a

random effect. Data were log transformed to meet the gdg&ura of the model.

Generalist herbivore: plant range

To determine the preference of a generalist herbivore #iededlices in plant defense of
plants from the native and introduced range, | carri¢chaoice test with leaf discs sampled
from plants from both ranges. Here again | cut discs &aaoh leaf with a 2-inch diameter
biscuit cutter and placed the discs in a dish with bimd-instarT. ni larva. Leaf discs were
collected from the fourth whorl of randomly selected andeganative and introduced plants,
one plant from each of 12 native and 35 introduced populati@ngae were allowed to feed for
48 hours. Leaf disc area remaining was measured using Inaftedrs (Schneider et al. 2012)
| used a linear mixed model (Proc. mixed) to determine if thergést herbivore preferred
native or introduced plants when presented with the chB&ege was treated as a fixed effect
and population of the maternal line nested within rangetsgased as a random effect. Data

were log transformed to meet the assumptions of the model.
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Generalist herbivore: caged feeding assay

To evaluate differences in palatability of leaves whenl¢lves were still connected to
the plant, | caged larvae on plants from the nativeir@ndduced ranges. Contrary oy choice
experiments in Petri dishes, larvae in this experiment weposed to plant-level constitutive
defenses as well as any induced defenses that were triggenedthat feeding period. This
setup more closely mimics natural herbivore feeding behavibpkamt response to herbivory.
To set up the experiment | counted 5 whorls down from the stdesves and randomly selected
2 leaves of approximately the same size and age on eael ptatht. | bagged 1 larva on each of
the leaves (total of 2 larvae per plant) with mesh clatistand zip ties. Larvae fed for 72 hours
and lights were on a 14/10 light/dark photoperiod. Leaves wereclipped from the plants and
scanned. | used ImageJ to calculate leaf area removed (@aheieal. 2012)l used a linear
mixed model (Proc. mixed) to determineh&igeneralist herbivore consumed more native or
introduced plants. Range was treated as a fixed effect whildgi@n of the maternal line
nested within range and plant nested within population nestbohwénge were treated as

random effects. Data were arcsine transformed to meeistuemptions of the model.

Tolerance to defoliation
Above ground biomass

To measure a second method of plant defense to herbiviengrioe, | conducted a
greenhouse experiment in which | simulated differentléeetherbivory and measured the
plarts’ response in biomass. | used 65 sets (12 native, 53 introduced) of 4 sibling plants. fiwen
forty, or sixty percent of each leaf of a rosetten@gal amount was constant across leaves of a

single plant) was removed with scissors by making gerpgendicular to the midrib. Control
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plants were left untouched. All 260 plants were randomizeti®greenhouse benches and
continued to be randomized weekly. After 6 weeks, all new-grailve ground biomass was
collected from the plants, dried at 80°C for 72 hourd,iammediately weighed. | used a linear
mixed model (Proc. mixed) to determine plant tolerance tordiftdevels of defoliation. Range
(native or introduced), treatment (control, 20%, 40% or 6B&y@ ground biomass removal),
and the size (number of leaves) of the rosette prionpmsing the treatment were all treated as
fixed effects. Population of the maternal line nested withnge was treated as a random effect.
Data were log transformed to meet the assumptions of tdelmo

Following tissue harvest of the different treatmentgnoved all remaining above ground
biomass from 158 plants that were randomly selected from 60 piopslat hese plants were
allowed to re-grow biomass for a 100% clipped treatmentt$taew in the greenhouse for 30
days and received water as necessary. All above ground Biovaasharvested, dried at 80°C
for 72 hours, and immediately weighed. | used a linear mixedehf@roc. mixed) to determine
what factors (if any) influenced the plants’ ability to re-grow following the assigned treatment
and then 100% above ground biomass removal. | treated plget @iginal clipping treatment,
and the mass of the new growth following the original cligpneatment as fixed effects.

Population of the maternal line nested within range watetiesss a random effect.

Below ground biomass

Because there may be plant growth differences thatoar@bserved by solely measuring
above ground biomaskmeasured below ground biomass for my control and 60% clipped
treatments. Following collection of above ground biom@asay tolerance experiment, 11 plants

from the native range and 23 plants from the introducegleravere used to measure below
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ground biomass. Above ground biomass had previously been remdbedsatl level, leaving

the roots fully intact and in soil. Root were soaked innvevater and then washed to remove
any remaining debris. Roots were dried at 80°C for 72 hoursd Pobts were collected from the
oven and immediately weighed. | measured and compared rdbeseontrol and 60% clipped
treatments in an effort to detect any difference inwejoound biomass between the two most
differing treatments. | used a linear mixed model (Proged)ito determine whether there was a
difference in below ground biomass between clipping treasyaent if that difference could be
attributed to different ranges, the clipping treatment thatinvpssed, an interaction between
treatment and range, the size (number of leavesepabette before the treatment was imposed,
or the ability of the plant to grow new tissue post treatr{mass of new growth). These factors
were all treated as fixed effects in my model. Populabiothe maternal line nested within range

was treated as a random effect. Data were log transfaomadet the assumptions of the model.

Total biomass

| calculated total biomass for the control plants angtasts in the 60% defoliation
treatment, as these were the two treatments for whiekl oot mass data. | calculated total
biomass as the sum of the weight of post-treatmentgnewth and root weight. | used a linear
mixed model (Proc. mixed) to evaluate the effects of plamge, defoliation treatment, and the
interaction between range and treatment on the differe total biomass. These factors were all
treated as fixed effects in my model. Population oftlaéernal line nested within range was

treated as a random effect. Data were log transformeeéd the assumptions of the model.
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Relationship between resistance and tolerance

| measured a tradeoff between resistance and tolerancerekited individuals (e.g.
siblings) with resistance measured on different indivsl@r@m which tolerancevas determined.
| evaluated a trade-off between resistance and tolexaitice linear regression. | used above
ground biomass measures to plot tolerance as the differetvoecinepost treatment tissue
growth of damaged and control plants (i.e. tolerance =adathplant growth control plant
growth). Resistance measures from my bagged experimgmégeneralist herbivore were used
as the response variable. | used a simple linear regnassidel (Proc. reg) to determine the
relationship between tolerance and resistance of all pasisell as to determine if the

relationship differed between native and introduced plants.

RESULTS

Resistance to herbivory
Soecialist herbivore

Specialist weevils preferred to feed on the younger, more deféealediscs. | found a
significant interaction between range and leaf agg:6= 0.4.18,P=0.0416) such that weevils
preferred young leaves from the introduced range, but ntitdse from the native range (Figure
3.1). The individual effects of time {ln3= 0.02,P=0.8904), range (F13= 0.71,P=0.3999) and
leaf age (fc413= 2.10,P=0.1478) were not significant.

When given a choice between native and introduced letheefeeding weevils (omitting
those not on leaves) favored introduced leaves, butrérat was not statistically significant

(F1,421 = 060,P:04407)
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In a more natural setting with whole mullein plants l@gtloors, naturally occurring
weevils located and colonized the plants. Similar to thecleaite test, the weevils did not show

a preference for native or introduced whole planis{/~ 0.11,P=0.7424).

Generalist herbivore

The generalist herbivorE ni fed significantly more on less defended, old leaVesi
larvae consumed more of the leaf discs taken frontealdes than the young leaves they were
paired with (k29 = 20.39,P<0.0001) (Figure 3.2). This trend was consistent across aogies
(F131=0.87,P=0.3589) and the interaction between range and leaf ageovaatistically
significant (F 29 = 0.64,P=0.4286).

| did not find thatT. ni had a clear preference between native and introducets jpicthe
larvae feeding trial (F45 = 1.96,P=0.1688). Overall, leaf disc damage by the larvae was
minimal, with only 2% of native leaf discs and 0.04% ofadtrced leaf discs consumed.

When larvae were not given a choice of leaf age or ptarge and were instead caged on
a leaf still connected to a potted plahtni fed more on native than introduced plantss®
8.89,P=0.0585). Larvae consumed 4.5 times as much leaf tissue é pénts than introduced

plants (2.14% versus 9.75%, respectively).

Tolerance to defoliation
Above ground biomass
| did not find a significant difference in the mass ofyrewth between any of the

treatments (Fis2= 1.11,P=0.2930) (Figure 3.3) or between native and introduced plants€F
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0.14,P=0.7068). | found a general trend by which larger plants prioatapulation tended to
grow more post treatment (k.= 3.77,P=0.0538).

Of the 158 plants in my complete defoliation experimenpfahem grew back after
100% above ground biomass removal. | did not find a differeetveden native and introduced
plants in their ability to grow back following completeoab ground biomass loss;(Es= 0.29,
P=0.5936). The treatment to which each of the plants was pidyiexposed also did not
significantly influence the ability to re-grow tissue (= 1.16,P=0.3281). Of the plants that
grew back, there was no difference in the amount of grdwehto range (F20= 0.02,

P=0.9004), treatment {Fo = 0.63,P=0.4380), or previous growth {ko = 0.30,P=0.5911).

Below ground biomass

| did not find a significant difference in below ground biomiaetsveen native and
introduced plants (o= 0.29,P=0.5953). The clipping treatment that was imposeg £4.05,
P=0.0790), an interaction between treatment and range=(E.47,P=0.0675), the size (number
of leaves) of the rosette before the treatment wassegp ¢ s = 0.26,P=0.6207), or the ability
of the plant to grow new tissue post treatment (masswfgrowth) (s = 0.65,P=0.4425) did

not lead to differences in below ground biomass.

Total biomass
The interaction between defoliation treatment andtplmge explains some of the
variation in my measures of total biomass,g= 4.43,P=0.0615). Introduced plants had less

total biomass (post-treatment growth plus root biomass)riative plants in my control
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treatment, but introduced plants had more total biomasatiasm plants in the 60% defoliated

treatment (Figure 3.4).

Relationship between resistance and tolerance
| did not observe a trade-off between resistance and malkeria either native or
introduced plants (Figure 3.5). The coefficient of detertiona(R?) was 0.0047 and 0.001 for

native and introduced plants, respectively.

DISCUSSION

In evaluating the role of defenses against herbivory ilodical invasions it is important
to understand defenses broadly, both resistance to spemmaigeneralist herbivores and
tolerance of herbivore damage. Unlike many species in which @sfappear to differ between
native and introduced populations, | found native and intredlnaullein plants to have
comparable defenses with respect to both resistance arahtmde For the first time in this
system | tested both a specialist and a generalist heglivothe same set of native and
introduced plants. We know that this system supports ttimalpdefense theory (Alba et al.
2013). In my feeding assays with young and old leaf discgatiek and introduced plants, the
weevils preferred younger leaves from introduced plants.ctnvisdnen | observed naturally
colonizing specialist weevils on my outdoor plants, they werssistently found in the upper
whorls of the leaves (i.e. the younger, high-iridoid/é&s). According to Alba et al. (2012) those
leaves are the most highly defended of all. Studies $laven that highly defended young

leaves may deter generalist herbivores but may, ind#tcact specialists. It is possible that the
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specialist weevils are attracted to the high levels of irigbidosides or a different defense
compound that is found in younger rosette leaves. Inetedsfenses in young tissues protect the
plants from generalists, the majority of insect herlgdhat are present in the introduced range,
without incurring the cost of attracting the majority pésialists from which the plants have
escaped.

Overall, mullein is resistant to both the specialist and rgdiseinsect herbivores that |
tested here. Weevils showed a preference for younger l#avestroduced plantsT. ni did not
feed differently on leaf discs from the two ranges,dhatwed a strong preference for older
leaves. When bagged on the plant they fed more on nadirtspNot finding a difference in.
ni preference between native and introduced genotypes when wiskes cut from the plants,
but finding a difference in amount eaten when using imgkaetts indicates that some defenses
effective against this generalist may be induced.

Mullein is also extremely tolerant to defoliation. Indegldnts that lost 60% of their
above ground biomass at the time of treatment grewrdyregpiivalent amount of biomass
during the 3 weeks following defoliation as my control pda@imilarities across treatments in
above ground post-treatment growth were mirrored below grasimekll. 1 did not see any
difference in total root biomass between treatmentsrdiote is a defense that does not
differentiate between specialist and generalist herbévane it could potentially be a rewarding
defense for the plant to engage. Tolerance to herbivory/daéwliis an under-studied subject in
plant invasion ecology but may be a key factor in irmMasuccess.

There are a few limitations to my experimental designt,Hirs possible that the roots
of my mullein plants were limited in their growth as there grown in 1-gallon pots, a smaller

area than the plants would have growing in a naturalized gkqul Perhaps we might see
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differences in below ground biomass as a result of rfolidgon experiment if the roots were
not confined to a pot at all, or if | used larger pots. Adddlty, it should be reiterated that |
mimicked defoliation by clipping portions of leaves to estinpeeent area removed. While this
was a controlled and successful method of defoliatidheofosettes, clipping with scissors does
not replace true herbivore damage (Agrawal 19@8ban and Baldwin 1997). | removed a
portion of every leaf, but herbivory may be dispropadi®ly distributed on a rosette. Also,
instances of herbivore saliva inducing plant defenses arela@limented (Karban and Baldwin
1997; Walling 2000) and were not replicated in my experiment. &umidre, my plants were
grown in a high resource, ideal environment in the greenhtVisie this provided my
experiment with healthy plants, levels of plant defemsag rely, at least in part, on resource
availability (Blumenthal 2008Ward and Young 2002). The growth conditions of my plants may
have limited the degree of differences in resistandéoamolerance that may otherwise be
observable in naturalized conditions.

Studies that have discussed a tradeoff between resistaht@erance have typically
done so using related individuals (e.g. siblings) with rasts measured on different individuals
from which tolerance is determined (the same methodd bawsen to use here). However, an
assumption underlying this approach is that both resistanctinance are constitutive traits.
Few studies have tested for a trade-off between inducisthrese and tolerance (Agrawal et al.
1999; Kempel et al. 2011). It is important to note that while studiesnstitutive resistance and
tolerance may not have found evidence of a trade-offdibes not mean that one does not exist
(Fineblum and Rausher 1995). Additionally, plants in high resooconditions may invest in
more than one type of defense. | did not find evidence foade-off under my high resource

experimental conditions, but given different conditig@sley et al. 1985), or if | measured at a
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different stage of growth (Brandt and Lamb 1994; Weltzial.et998), mullein may show a
trade-off in defense.

Evolutionary shifts in plant defense following escape frarbivory are thought to be a
crucial component of the success of many introduced plant species. However, ‘defense’ is a
muli-faceted trait, including resistance as well as tolegao herbivory. Furthermore, defenses
against one type of herbivore may be attractants to otheivbees. While resistance is a
common first line of defense against attack, toleranclsasam effective method of recovery
from herbivory that can alter the survival and succégdamt populations. Likewise, while some
introduced plants have been released from the top down regulditspecialist herbivores in
their new range, not all introduced plant systems magviothat pattern. | used mullein plants
from a broad sampling from both native and introduced ratagdstermine that both native and
introduced plants are highly defended in both resistancéo@rdnce to herbivory. These high
levels of both resistance and tolerance that arestens across ranges likely contribute to

mullein’s success in the introduced range.
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Table 3.1 Verbascum thapsus seed collection locations in the native and introdueedes. GPS
coordinates and site elevation (m) are provided. A subsashffese populations was used in

each experiment.

Elevation
State/country Site name Latitude Longitude (m)
Native range
Czech Republic  Vroutek 50.18052 13.38015 332
Finland Helsinki 60.206 25.133 19
Tampere 61.3519663¢ 24.8354413¢ 90
France La Faurette 45.953333 1.022778 269
Germany GriBheim 42.888 7.581 204
Romania lasi 45.146 27.639 36
Sweden Tobo, Skolvagen 66.83727 16.02247 1224
Orbyhus railway station 66.8188 16.03915 872
Tobo railway station 66.83593 16.01188 1069
Tegelsmora 66.83685 16.02581 1292
Switzerland Biere 46.53779 6.332622 699
Village of Marly 46.847 7.174 583
Introduced range
Colorado Lake John 40.781757 -106.478542 2466
Dadd Gulch 40.699555 -105.544065 2142
Narrows Campground 40.689931 -105.431767 1968
Mouth of Poudre Canyon 40.665287 -105.219436 1604
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Hawaii
ldaho
lllinois
Indiana
Kansas
Maryland

Massachusetts

Montana

Steamboat east
Craig

Steamboat west
Hewlett Guich
Steamboat Middle
Poudre Bike Trall
Golden Gate Canyon
Hayden

Picnic Rock

Cathy Fromme Prairie

Puu Huluhulu hunter station

Worley

Savoy

Etna Green

Manhattan

Edgewater

Sutton

Newburyport
Provincetown, Cape Cod
Missoula

RimRock Lane, Great Falls
Rusted Lane

89 South

Highwood Rd.

Craig

84

40.380543
40.514036
40.486446
40.689393
40.501103

40.601156

39.8254897

40.491534
40.671292
40.510643

19.68785

47.554139

40.01649521

41.258302

39.208294

38.90028

42.201024

42.808854

42.073858

46.874115

47.404667

47.488569

46.96261111

47.432056

47.0697777¢

-106.803849
-107.621231
-107.105211
-105.310408

-106.92329
-105.092969
-105.311569
-107.315247
-105.230554
-105.099304

-155.46444
-116.916306
-88.2569578

-86.05134
-96.584702
-76.55556
-71.77729

-70.878903

-70.207658
-115.015724
-111.327917
-111.224858

-110.755555€
-111.319944

-111.9719444

2240
1949
1967
1748
2011
1520
2396
1923
1606
1530
1999
781
228
245
337
30
135
17
18
1644
1033
1068
1630
1063
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New Hampshire

North Carolina
Ohio

Oregon

Pennsylvania
Tennessee
Virginia

Washington

Wisconsin

Wyoming

Toronto

Dry Hollow
Merrimack
Portsmouth-1
Portsmouth-2
Milford

Raleigh
Bainbridge
Jackson county
Wasco county
Douglas county
Pittsburgh
Chilhowee
Mountain Lake
Bainbridge Island
Bainbridge Island

Arkansaw

Five-Mile Bluff Prairie

Bayside
Jackson
Sweetwater G.
UTM

Credit Meadows
KSR

Hewick Meadow

Conservation Park

46.22212
42.879325
43.06911
43.059768
42.84138
35.760757
41.417436
42.6638
45.531
42.9259
40.436992
35.557542
37.354023
47.664243
47.662881
44.533135
44.533977
43.173124
43.404
43.429583
43.55065
43.60552
44.0292
43.56723

43.6343

-111.37338
-71.527547
-70.754047
-70.803801
-71.67622
-78.677434
-81.365826
-122.8263
-121.0919
-123.4901
-79.944453
-84.010956
-80.538698
122.575908
122.579658
-92.059468
-92.05007
-87.888506
110.751556
110.781583
-79.65902
-79.71677
-79.53742
-79.68118

-79.73807

1379
69
11
23
78
98

345
465
239
239
301
273

1219
42
44

218
214
207
1907
1853
106
164
300
137

172
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Figure 3.1. Choice test between young and old leaf discsspittialist weevilsG. tetrum.
There is a significant interaction between range andalgaf(fr 413= 0.4.18,P=0.0416) such that
weevils preferred young leaves from the introduced range.ddatameans +/- 1 SE bars.
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Figure 3.2. Results from the choice test between young drdadldiscs with generalidt ni
larvae. Larvae fed more on older leaves in ger&ab = 20.39,P<0.0001), but fed most on
older leaves from the native ran(fe 45 = 1.96,P=0.1688). Data are means +/- 1 SE bars.
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Figure 3.3 Difference between defoliation treatments of the nofisdbove ground tissue growth
post treatment (.= 1.11,P=0.2930). Data are means +/- 1 SE bars.
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Figure 3.4 Total biomass of control plants and the 60% defoliatextgld here is a significant
interaction between range and treatmenidE 4.43,P=0.0615). Introduced plants had less total
biomass (post-treatment growth plus root biomass) thavenalants in my control treatment,

but introduced plants had more total biomass than natimsplathe 60% defoliated treatment.
Data are means +/- 1 SE bars.
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Figure 3.5. No evidence of a resistance and tolerance tradeste#fance is the difference
between post treatment tissue growth of damaged and cplatnts$ (i.e. tolerance = damaged
plant growth- control plant growth). Therefore points plotted at ‘0’ tolerance are control plants.
Resistance is reported as the leaf area remainingthemeneralist: whole plant experiment, so
the level of resistance is positively correlated it data. The points are replicate sibling plants
that were used in both experiments. A trade-off would be depistex general trend with

negative slope.
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APPENDIX

REPRODUCTIVE STRATEGY, PERFORMANCE, AND POPULATION DYNAMICS OF

THE INTRODUCED WEED BLACK HENBANE HYOSCYAMUSNIGER L.)

Appendix Table 4.1. AIC tables for seed pods

Model for seed pods produced (log transformed)  AlCc A; Akaike weight (w;) Likelihood ratio
1 1736.7 0.0 0.832078276 1
2 1740.7 4.0 0.112609549 0.135335283
3 17423 56 0.050598732 0.060810063
4 17471 104 0.004590213 0.005516564
5 1755.1 18.4 8.40727E-05 0.000101039
6 1756.9 20.2 3.41814E-05 4.10796E-05
7 1760.8 24.1 4.86313E-06 5.84456E-06
8 1768.9 32.2 8.47272E-08 1.01826E-07
9 1771.2 345 2.68278E-08 3.22419E-08

Appendix Table 4.2. Factors and interactions in each @ thedels that were tested for seed
pod production.

Factors in the model Model Model Model Model Model Model Model Model Model
1 2 3 4 5 6 7 8 9

Elevation of site X X X X X

Previous year's total growing degree days May X X X X X

1-Sept 30

Previous year's total precipitation May 1- Sept X X X X

30

Total growing degree days May 1-Sept 30 X X X X X X X

Total precipitation May 1-Sept 30 X X X X

laggdd*lagprecip X X X

gdd*precip X
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Appendix Table 4.3. AIC tables for plant height

Model for plant height (log transformed)  AlCc A;  Akaike weight (w;) Likelihood ratio

1 978.4 0.0 0.932298177 1
2 984.7 6.3 0.03995096 0.042852127
3 9855 7.1 0.026779929 0.02872464
4 9929 145 0.000662094 0.000710174
5 995.0 16.6 0.000231692 0.000248517
6 997.2 18.8 7.71235E-05 8.27241E-05
7 1013.4 35.0 2.341E-08 2.511E-08
8 1020.1 41.7 8.21325E-10 8.80968E-10
9 1039.0 60.6 6.46297E-14 6.9323E-14

Appendix Table 4.4. Factors and interactions in each d thedels that were tested for plant
height.

. Model Model Model  Model Model Model Model Model Model
Factors in the model

1 2 3 4 5 6 7 8 9
Elevation of site X X X X X
Previous year's total growing degree days May
X X X X
1-Sept 30
Previ 's total ipitation May 1- Sept
revious year's total precipitation May ep X X X X
30
Total growing degree days May 1-Sept 30 X X X X X X
Total precipitation May 1-Sept 30 X X X
laggdd*lagprecip X X X X
X

gdd*precip
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