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A BSTRACT



ABSTRACT

Biological invasions are considered to be an ingrdrtause of current biodiversity loss and
can cause significant ecological problems. Seugypbtheses have been proposed to explain
why exotic plants become invasive.

An important determinant of the success of invagiaats in their adventive range is
the efficiency of reproduction. High fecundity atite potential for sexual reproduction,
which generates genetic variability but also viggralonal growth, are attributes frequently
observed among the most successful invasive pl&idsiever, external factors also can
influence plant invasions. One commonly acceptedhaeism for the invasion success of
plants is that plants introduced into a new rangeegence less herbivory due to the release
from natural enemies resulting in higher plantdgs. Furthermore, biological invasions may
be promoted by climate change. Altered environmectaditions due to climate change
could be more favourable for many invasive speaied could increase the reproduction,
establishment and spread of exotic plants in ttredaced range.

Recently, it has been claimed that the ability xaftec plants to establish and rapidly
expand in a novel range may also be shaped by temwdmy processes. Interspecific
hybridization has been identified as a stimulustf@ evolution of increased invasiveness in
exotic plant species. Hybridization can increaseetje variation and provide the genetic
material on which natural selection can act. Nogehe combinations may result in
phenotypes that are stronger competitors, haveshigdproduction and survival rates and are
more resistant against herbivory and may theretoee favoured by natural selection.
Moreover, hybridization may facilitate adaptatiom different or altered environmental
conditions, for example, due to climate change.c8s&ful hybrid genotypes might be fixed
and retained by vegetative propagation and incréesmvasion success of exotic plants.

Taxa of the genuBallopia (Polygonaceae), native to eastern Asia, are anfengibst
troublesome invasive species worldwide and araqodaitly aggressive in Europe and North
America. The plants cause significant damage tovéagcosystems and are especially a
problem along rivers. In Europe, exotkallopia plants spread mainly by vegetative
propagation. Of the widespre&d japonicavar. japonicain Europe only a single genotype
with male-sterile flowers has been found, and skexeproduction in the exoti¢allopia
complex is thus restricted mainly to hybridizatiamong the taxa. The naturalized but less
frequent specie$. sachalinensiscan act as pollen donor, resulting in the hylfidx
bohemica The hybrid is frequent and considered to haveghen invasion potential and a

faster spread than its parental species. A thitdodlniced species is the climbinfg.
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baldschuanicaHybridization between this species @daponicavar. japonicaresults in the
hybrid F. x conollyana which so far has only rarely been reported fraimofge.

In my dissertation | present four studies on hyikaton in the invasiveallopia
complex in Western Europe and its consequencesifigpdly, | studied the genetic diversity
and hybridization patterns (chapter 2), extent\amthtion in sexual reproduction (chapter 3),
regional variation in seedling establishment and gotential effects of climate change
(chapter 4) and the influence of hybridization @nldivore resistance (chapter 5).

The distribution of. japonicavar. japonicg F. sachalineniandF. x bohemicatheir
genetic diversity and regional genetic structure assessed in seven regions in Germany and
Switzerland using RAPD analysis and flow cytomeksllopia japonicavar. japonicawas
frequent in all regions, while distribution of thgbrid F. x bohemicadecreased from south-
east to north-westrallopia sachalinensisvas present in all regions at a low abundance,
except in Ticino where no populations were founmjgesting the absence of this species. All
individuals identified ag~. japonicavar. japonicaexhibited the same RAPD phenotype,
confirming results from other studies that a singlae-sterile plant has been introduced and
has spread only vegetatively throughout Europecdntrast,F. sachalinensisand F. x
bohemicashowed high genotypic diversity. The genetic ditgrof F. sachalinensignay
result from multiple introductions or from occasabrsexual reproduction. Bayesian cluster
analysis revealed three distinct genetic clust€n® majority ofF. x bohemicaindividuals
were assigned to a unique genetic cluster diffdrem those of the parental species. Sé¢me
x bohemicaindividuals, however, had different degrees of &time to the three genetic
clusters. These results might indicate differengins of the hybrids: by hybridization
between the parental species, sexual reproductmm@ hybrids or multiple introductions of
hybrids. | also found regional differentiation ihet gene pool ofF. x bohemica i.e.
individuals within the same region were more simtia each other than individuals from
different regions. This result suggests that tlyh lyenetic variation ifr. X bohemicaresults
from hybridization in the introduced range. Suclgisealisation of the gene pool of the
hybrid may provide the raw material for adaptiveletion in different regions with different
environmental conditions and may increase the imeagss of the hybri&. x bohemica

We assessed seed production, seed set, seed gemirilower morphology and
pollen viability of the invasive clonal speciEsjaponicavar. japonica,F. sachalinensiand
of their hybridF. x bohemicain five European regions and determined the pldehel of
their offspring to potentially infer the pollen demunder natural conditions. In addition,

crossing experiments were carried out to assessnpstitability for intra- and interspecific
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sexual reproduction. Our study revealed a highllef/&ariation in seed production, flower
morphology and pollen viability of the invasiVallopia taxa among and within regions in
Europe. Sex of flowers partially explained variatim seed production d¥. sachalinensis
and F. x bohemicabut not in the single male-sterile clone Fof japonica var. japonica
detected in Europe. A gradual variation in seeddpcton and pollen viability was found
among F. sachalinensis and F. x bohemistands, with some stands with male flower
morphology producing seeds and having low pollebnity. At the regional level, high seed
production of F. japonica var. japonica was correlated with high ratios length of
anthers/length of ovary df. x bohemicaindicating predominantly male flowers in hybrid
stands, which can serve as pollen donor. Seed $le¢ iexperimental crosses depended on the
pollen donor and was comparable to the highest seedbserved in the field. These results
indicate that, beside flower morphology, the loaahilability of compatible pollen is a key
factor contributing to the variation in the seeddarction of invasivé-allopia taxa in Europe.
The predicted increase in hybrid abundance is thexdikely to contribute to an increased
seed production of invasiallopia taxa in Europe.

Although the high genetic diversity of the hybRdx bohemciaand the production of
large amounts of viable seed in the introduced eawith high germination rates under
containment indicate spread by sexual reproductam,seedling survival and establishment
of Fallopia has been observed in the field. It has been statddseedlings ofFallopia are
sensitive to frost and a cold humid winter and hileréfore not survive European winters. To
test this assumption, | assessed the likelihooduaicessful seedling establishment under
natural conditions across six different sites friiorthern Germany to Southern Switzerland.
By including sites with different climatic condine, | further investigated if the risk of
seedling establishment might increase under thdigiesl climate change. We found that a
large amount of seeds of all thrEeallopia taxa remained viable throughout the winter, and
between 25 and 75% germinated in the followingrgpat the different field sites. Most of
the seedlings established successfully and survivedirst winter, but performance during
the first season varied significantly among regiand among mother taxa, with offspring of
F. japonicavar. japonicashowing the highest performance. The lowest segdmergence
and performance were recorded at the coldest sttehigghest values at the most southern site
under climatic conditions that are similar to thpsedicted for large parts of northern Europe.
Although vegetative spread might remain the mairdenof reproduction in the invasive
Fallopia complex in Europe, our results suggest that unikerpredicted climate change,

sexual reproduction and successful establishmeriatibpia seedlings might increase in
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Europe in the future. Increased levels of sexyalaguction could further promote the spread
increase the genetic variability and stimulateitivasiveness of thEallopia complex.
Hybridization can alter traits important for thevésion success of exotic plants. One
of the most important determinants of invasivensssierbivore resistance. Interactions
betweenFallopia taxa and their antagonists and the influence ofibization on herbivore
resistance were examined. | experimentally asseesestance of parental taxg. (japonica
var. japonicg F. sachalinensisF. baldschuanicg and hybrids K. x bohemica F. x
conollyang of the invasiveFallopia complex to four native European herbivores (the slu
Arion lusitanicus,the mothNoctua pronubathe grasshoppévietrioptera roeseliiand the
chrysomelid beetl&astrophysa viridula)The native European plarffmeobtusifoliusand
Taraxacunofficinale were tested for comparison. To elucidate the pi@tefar the evolution
of increased herbivore resistance, we includecbdifit genotypes of the particularly invasive
hybrid F. x bohemicaThe leaf area consumed by herbivores and thiaitive growth rate on
the hybrids in comparison to that on the parergaetees differed depending on the herbivore
tested. In most of the cases, the hybrids resenthkednore susceptible parent, followed by
hybrids with intermediate levels of resistance. @gpes of the hybridr. x bohemicavaried
significantly in herbivore resistance, but nevecaeeded that of the parental speciks.
general, exotid=allopia taxa were better defended against European hedsivbian native
plant species and herbivore growth rates on thene Vesver which might contribute to their
invasion success in Europe. Differences in leatstrenown to influence palatability, i.e.
specific leaf area, leaf dry matter content and @itib only partly explained the differences
in resistance against European herbivores betweeexoticFallopia and the native plants,
suggesting that other factors like novel secondangpounds may also contribute to the high

resistance ofFallopia plants to European generalist herbivores.
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Invasionen nicht-einheimischer Pflanzenarten stedien der wichtigsten Grinde fur die
Abnahme der Biodiversitat dar und kdénnen bedeutéaéogische Probleme verursachen.
Mehrere Faktoren werden dafir verantwortlich gerhadass eingefiihrte Arten invasiv
werden. Fir eine erfolgreiche Invasion spielt eitegke Vermehrung eine grof3e Rolle. Hohe
Fekunditat und die Mdoglichkeit zur sexuellen Repidtn, die eine hohe genetische
Variabilitat gewéhrt, aber auch klonales Wachstaimg Eigenschaften, die haufig unter den
erfolgreichsten invasiven Pflanzen beobachtet wurdexterne Faktoren kdnnen ebenfalls
den Invasionenserfolg beeinflussen. Eine erhdhtakKioenzfahigkeit exotischer Pflanzen
durch das Fehlen von einheimischen Feinden ist eiee haufigst zitierten Grinde flr den
Erfolg invasiver Pflanzen. Darlber hinaus kdnneobgle Umweltveranderungen, wie
Klimaveranderungen, ebenfalls zum Erfolg invasivérten beitragen. Veranderte
Umweltbedingungen, die durch den Klimawandel hegeoufen werden, kénnen fir viele
invasive Arten geeignetere Bedingungen darstelifehaomit auch Reproduktion, Etablierung
und Verbreitung von exotischen Pflanzen im einge&ihGebiet steigern.

Aktuelle Studien lassen darauf schlief3en, das&dlegkeit von exotischen Arten sich
zu etablieren und sich in einem neuen Gebiet sthnekubreiten, auch durch evolutionare
Prozesse geformt wird. Hybridisierung kann einédé&ede Kraft in evolutiondren Prozessen
wéhrend Invasionen von Pflanzen sein. Die genetis¢hriabilitat kann erhdht werden,
wodurch das genetische Material zur Verfugung ¢festerd, auf das natirliche Selektion
einwirken kann. Neue Genkombinationen kdénnen innBtyen resultieren, die starkere
Konkurrenten sind, hohere Reproduktion und Uberstaen aufweisen und die resistenter
gegenuber Herbivorenbefall sein kénnen. Dartberadsn kann Hybridisierung eine
Anpassung an unterschiedliche oder veranderte Utldihgungen, beispielsweise durch
Klimawandel, ermdglichen. Erfolgreiche Hybrid-Geymen konnen durch vegetative
Vermehrung erhalten werden und den Invasionseewtgischer Pflanzen steigern.

Taxa der Gattungrallopia (Polygonaceae), urspringlich aus Ostasien, gehidren
Europa zu den besonders aggressiven invasiven zBflandie den Charakter von
Okosystemen verandern. Heute zahlen diese Arterallem entlang von FlieRgewassern zu
den problematischsten invasiven Pflanzenarten itteMuropa. In Europa verbreiten sich
exotischeFallopia-Pflanzen hauptséchlich vegetativ. Die weitverleteitArtF. japonicavar.
japonicakommtin Europe mit nur einem Genotypen mit mannlichigerBliten vor. Aus
diesem Grund ist sexuelle Reproduktion im exotiadkallopia-Komplex hauptsachlich auf

Hybridisierung zwischen den Taxa beschrankt. Debletrte aber etwas seltenere At
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sachalinensikann als Pollendonor fungieren, wodurch der Hylbrick bohemicaentsteht.
Der Hybrid ist haufig und es wird behauptet, dassie hoheres Regenerationspotential und
eine schnellere Ausbreitung als seine Elternarésitdt. Eine dritte Art, die KletterpflanZe
baldschuanica,wurde ebenfalls eingefiuhrt. Hybridisierung zwisthdieser Art undF.
japonica var. japonica resultiert in den HybridF. x conollyana der bisher nur in
Grol3britannien mit einem Individuum beobachtet veurd

In meiner Dissertation prasentiere ich vier Studien Hybridisierung im invasiven
Fallopia-Komplex in West-Europa und ihre Konsequenzenhkbe die genetische Diversitat
und Hybridisierungsmuster (Kapitel 2), Ausmal3 uratigtion in der sexuellen Reproduktion
(Kapitel 3), regionale Variation in der Keimlingabtierung und den mdglichen Effekt von
Klimawandel (Kapitel 4) und den Einfluss von Hyhbsidrung auf Herbivorenresistenz
(Kapitel 5) untersucht.

Die Verteilung vorF. japonicavar. japonicg F. sachalineniszindF. x bohemicaihre
genetische Diversitdt und regionale genetische k&truwurde in sieben Regionen in
Deutschland und der Schweiz mithilfe von RAPD-Asealy und ,flow cytometry* untersucht.
Fallopia japonicavar. japonicawar in allen Regionen haufig, wahrend der HybFdx
bohemicavon Siud-Ost nach Nord-West in seiner Haufigkertaddm.Fallopia sachalinensis
war in allen Regionen in einer niedrigen Dichtespré, ausser im Tessin, wo keine Bestande
gefunden wurden. Alle Individuen, die dfs japonicavar. japonicaidentifiziert wurden,
besalRen denselben RAPD-Phéanotyp. Dies bestatigirdebnisse anderer Studien und deutet
daraufhin, dass eine einzige mannlich-sterile Raagingefihrt wurde, die sich nur vegetativ
Uber Europa verbreitet hat. Im Gegensatz ZeigtachalinensisindF. x bohemicaeine hohe
genetische Diversitat. Die genetische Variabihtém F. sachalinensisnag von mehrmaligen
Einfuhrungen oder gelegentlicher sexueller Reprtdokherfihren. Bayesische Cluster
Analyse deckte drei verschiedene genetische GruppérDie Mehrheit deF. x bohemica
Individuen wurde einer eigenen genetischen Gruppeerschiedlich zu der Gruppe der
Elternarten, zugeordnet, wé&hrend die anderen x bohemica Individuen einen
unterschiedlichen Grad an Beimischung zu den desietischen Gruppen zeigten. Diese
Ergebnisse deuten auf verschiedene Urspringe deéridéy hin: durch Hybridisierung
zwischen den Elternarten, sexuelle Reproduktionsamén Hybriden oder mehrmalige
Einfuhrung von Hybriden in die verschiedenen Regionich fand ausserdem regionale
Differenzierung im Genpool voir. x bohemica.Individuen innerhalb derselben Region
waren sich &hnlicher als Individuen von verschieterRegionen. Hieraus kann man

schliessen, dass die hohe genetische VariabildatRs x bohemicaaus Hybridisierung im
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eingefuhrten Gebiet resultiert. Regionalisierungs dgenpools des Hybriden kann das
genetische Rohmaterial flr adaptive Evolution im derschiedenen Regionen mit ihren
unterschiedlichen Umweltbedingungen zur Verfuguietjen und dadurch die Invasivitat des
HybridenF. x bohemicaerhdhen.

Ich habe Samenproduktion, Samenansatz, Keimung,tertiorphologie und
Pollenfruchtbarkeit der invasiven, klonalen Arténjaponicavar. japonica,F. sachalinensis
und ihrem HybridenF. x bohemicain funf europdischen Regionen untersucht. Die
Bestimmung des Ploidylevels der Keimlinge wurde utefp um auf den mdglichen
Pollendonor in nattrlichen Kreuzungen schliessekdnnen. Kreuzungsexperimente wurden
durchgefuhrt, um die Eignung von Pollen fir intrand interspezifische sexuelle
Reproduktion abschéatzen zu koénnen. Die Studie bradkine hohe Variabilitdt in
Samenproduktion, Blutenmorphologie und Pollenfrbarkeit der invasiveriallopia-Taxa
zwischen und innerhalb Regionen in Europa zum \faisc Geschlecht der Bliten erklarte
teilweise die Variation in der Samenproduktion Mensachalinensisund F. x bohemica
allerdings nicht in der ArE. japonicavar. japonica,welche mit einem einzigen ménnlich-
sterilen Klon in Europa vorkommt. Zwisch&n sachalinensisind F. x bohemicaBestanden
wurde eine Variation in der Samenproduktion undidnduchtbarkeit gefunden, darunter
einige Bestdnde mit mannlicher Blutenmorphologie, allerdings Samen produzierten und
eine niedrige Pollenfruchtbarkeit aufwiesen. EinbdSamenproduktion vda japonicavar.
japonicawar auf regionaler Ebene mit einem hohen Verhaltéisge der Antheren/Lange des
Ovariums vonF. x bohemicakorreliert. Dies deutet auf mannliche Hybride hihe als
Pollendonor fir F. japonica var. japonica dienen. Der Samenansatz in den
Kreuzungsexperimenten war vom Pollendonor abhammd war vergleichbar mit dem
hdochsten Samenansatz, der im Feld beobachtet wibidse Ergebnisse lassen darauf
schliessen, dass neben Blitenmorphologie, die Ieldiggit Pollen von einem kompatiblen
Partner zu bekommen ein wichtiger Faktor ist, der\zariation in der Samenproduktion der
invasivenFallopia-Taxa in Europa beitragt. Der vorhergesagte Anstieder Haufigkeit der
Hybriden kann zu einer erh6hten SamenproduktioniasivenFallopia-Taxa in Europa
beitragen.

Obwohl die hohe genetische Variabilitat des Hylbride x bohemciaund die
Produktion groRer Mengen an keimfahigen Samen miheh Keimraten unter
Laborbedingungen darauf hindeuten, dass Verbreitiurgh sexuelle Vermehrung erfolgt,
wird niedriges Keimlingsuberleben und niedrige Heabng von Fallopia im Freiland

beobachtet. Es wird vermutet, dass Keimlinge kafiopia frostempfindlich sind und einen
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kalten, feuchten Winter in Europa nicht Uberlebleh. untersuchte die Wahrscheinlichkeit
erfolgreicher Keimlingsetablierung exotischeallopia-Taxa in Europa und ob das Risiko
einer erfolgreichen Etablierung von Keimlingen whamit die Vermehrung durch sexuelle
Reproduktion mit den zu erwartenden Klimaverandgemnansteigen kann. Samen ven
japonicavar. japonica F. sachalinensisind ihrem Hybrid=. x bohemicawurden im Herbst
an sechs verschieden Orten von Norddeutschlandnbiie Sudschweiz in Topfen mit
derselben Erde ausgebracht. Samen aller Taxa bliéber den Winter keimfahig und
zwischen 25 and 75% der Samen keimten im folgeRkdénling an den verschiedenen Orten.
Die meisten Keimlinge etablierten sich erfolgreictd tGberlebten den Winter. Das Wachstum
variierte allerdings wahrend der ersten Wachstunsge zwischen den Wuchsorten und der
Taxa der Mutterpflanze. Keimlinge, die vén japonicavar. japonicastammen, zeigten das
hdchste Wachstum. Das niedrigste KeimlingsaufkomomahWachstum wurde am kéltesten
Ort und hohe Werte wurden am sidlichsten Standafgeaommen, der in seinen
klimatischen Bedingungen denen entspricht, diegfofie Teile in Nordeuropa vorhergesagt
wurden. Die Ergebnisse deuten daraufhin, dass ui#er vorhergesagten Klimawandel,
sexuelle Reproduktion und erfolgreiche Keimlingbb&aung von Fallopia in Europa in
Zukunft ansteigen kann. Verstarkte sexuelle Vermme@pr konnte zu einer erhodhten
Verbreitung fuhren, die genetische Variabilitat@rén und den Invasionserfolg irallopia-
Komplex steigern.

Hybridisierung kann Eigenschaften &ndern, die fén dnvasionserfolg exotischer
Pflanzen wichtig sind. Einer der wichtigsten bestiemden Faktoren fUr Invasivitat ist die
Resistenz gegeniuber Herbivoren. Interaktionen heis@xotischerallopia-Taxa und ihren
Antagonisten und der Einfluss von Hybridisierungf aderbivorenresistenz wurden
untersucht. Ich habe experimentell Resistenz vaeriidrten . japonicavar. japonica F.
sachalinensis F. baldschuanicpa und Hybriden . x bohemica F. x conollyana des
Fallopia-Komplex gegentber vier einheimischen europdaischererbioren, der
Nacktschnecke Arion lusitanicus, dem Kleinschmetterling Noctua pronuba der
Laubheuschreck®&letrioptera roeseliiund dem BlattkafeGastrophysa viridulapestimmt
Zum Vergleich wurden ebenfalls die einheimischenropéischen PflanzenRumex
obtusifolius und Taraxacum officinale getestet. Um das Potential der Evolution einer
gesteigerten Herbivorenresistenz zu testen, wuwdeschiedene Genotypen des besonders
invasiven HybriderF. x bohemicaaufgenommen. Blattfrass durch die Herbivoren auf de
Hybriden im Vergleich zu dem auf den Elternartetetsthied sich, abhangig vom getesteten

Herbivoren. Ebenso unterschied sich die relativech8msrate der Herbivoren zwischen
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Hybriden und Elternarten. In den meisten Fallenhgtier Hybrid dem anfalligeren Elternteil,
gefolgt von Hybriden mit intermediarem Grad an Besiz. Genotypen des Hybridén x
bohemicavariierten signifikant in ihrer Herbivorenresisterallerdings zeigten sie niemals
eine hohere Resistenz als ihre Elternar@emerell waren exotischellopia-Taxa gegenlber
europaischen Herbivoren besser verteidigt als embehe Pflanzenarten und die
Wachstumsraten der Herbivoren akéllopia-Taxa waren niedriger. Dies konnte unter
anderem zum Invasionserfolg von exotischEallopia-Pflanzen in Europa beitragen.
Unterschiede in Blatteigenschaften, die bekanntl sire Geniessbarkeit von Blattern zu
beeinflussen, wie das spezifische Blattgewicht, iGetwvder Blatttrockensubstanz und das
C/N-Verhaltnis, erklarten nur teilweise Untersclded der Resistenz gegentber européischen
Herbivoren zwischen exotisché&allopia-Taxa und einheimischen Pflanzen. Dies lasst darauf
schliessen, dass andere Faktoren, wie neue sekunadialtsstoffe, ebenfalls zur hohen

Resistenz voirallopia in Europa gegenuiber europaischen Generalisterageit.
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GENERAL INTRODUCTION

Biological invasions

“...we are seeing one of the great
historical convulsions of the world’s
fauna and flora.”

Charles Elton

Invasions of exotic animals and plants are widespend a significant component of human-
caused global environmental change (Dukes and Mo®@889; Mack et al. 2000; Mooney
and Hobbs 2000). Biological invasions are consii¢oebe the second most important cause
of current biodiversity loss, after habitat destimt (Pimentel et al. 2000). Invasive plant
species can outcompete native species (Vitouse®; Berling et al. 1994; PySek and Prach
1995; Moore 2000; Gerber et al. 2008) and they hheepotential to alter ecosystems and
their processes (Vitousek 1990; Mack and D'Antohf98; Moore 2000). In addition,
biological invasions can cause significant econocoaists (Vitousek et al. 1996; Mack et al.
2000; Pimentel et al. 2000).

Why do exotic plants become invasive?

Many plant species are more vigorous, grow talleaye higher rates of survival and
reproduction and spread more rapidly in their idtreed than in their native range (Crawley
1987; Mack et al. 2000; Ward et al. 2008). Seviyplotheses have been proposed to explain
why exotic plants become invasive. The invasiorcess of exotic plants has been attributed
to abiotic factors like climate and soil conditiprvghich might be more favourable in the
introduced range (Crawley 1987). However, competiand herbivory may also be important
biotic determinants of invasiveness (Blossey andzdld 1995). One commonly accepted
mechanism for the invasion success of plants has Ipeoposed by the enemy release
hypothesis (ERH), which postulates that introdupéghts experience a reduced top-down
regulation by natural enemies when introduced ant@w range, allowing them to increase in
distribution and abundance (Maron and Vila 2001aeand Crawley 2002). In the absence
of herbivores, selection may favour genotypes witproved competitive abilities due to a
shift in resource allocation from herbivore defer@@nhancement of other traits, resulting in
greater fitness of the plants in the introducedgeafhypothesis of evolution of increased
competitiveness (EICA); Blossey & No6tzold 1995). wéwver, attributes of the plants itself

14
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like morphology, survival strategy, genetic varlapiand mode of reproduction also may be

important determinants of the invasion succesxofie plants (Williamson and Fitter 1996).

The importance of reproduction for invasiveness

The mode and the efficiency of reproduction caedlly influence the invasion process, as it
determines the potential for range expansion (Emedhd Strong 1994; Daehler and Strong
1996; Rejmanek and Richardson 1996; PySek 19979h ecundity and the potential of

sexual reproduction, which generates genetic viitialfCrawley 1997), but also vigorous

clonal growth, are attributes frequently observetbiag the most successful invasive plants
(Baker 1974; Rejmanek 1995; PySek 1997; PySek. &0l3). The success of clonal plants
can be related to high levels of phenotypic pléagtizvan Groenendael and de Kroon 1990).
Moreover, clonal propagation provides the poteritalrapid spread of favourable genotypes
(Silander 1985). In contrast, sexual reproductiempts plants to adapt to new environments

by increasing their genotypic diversity (Levin 2000

Biological invasion and climate change

Climate change can play a fundamental role innkrasion process and may both directly and
indirectly promote biological invasions and theiwokitionary consequences (Dukes and
Mooney 1999; Mooney and Hobbs 2000; Willis and Hail@002). Altered environmental
conditions due to climate change could be moreueatdle for many invasive species (Dukes
and Mooney 1999; Menzel 2003) and could increapedeiction, establishment and spread
of exotic plants in the introduced range (Dukes siodney 1999).

Evolution and hybridization in invasive plants

Recently it has been claimed that the ability adtexplants to establish and rapidly expand in
a novel range may be shaped by evolutionary presedslistrand and Schierenbeck 2000;
Maron et al. 2004; Ward et al. 2008). Exotic speakould not be regarded as stable genetic
entities as there is growing evidence that receimtisoduced populations often experience
rapid evolutionary changes in morphology, behaviand life history (Sakai et al. 2001; Lee
2002; Callaway and Maron 2006; Friedmann et al. 820@Evolution following the
colonisation of new environments and leading tgoéatéon to novel environments can occur

within 20 generations or less (Prentis et al. 2008)
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Two important phenomena in plant species that migtdmote rapid evolution are
hybridization (Anderson and Stebbins 1954; Levie@;9Stebbins 1969; Arnold and Hodges
1995; Ellstrand et al. 1996) and polyploidy (Tiébtél. 2007; Prentis et al. 2008). One of the
first examples of the evolutionary potential créat®y introduction of exotic species was
Spartina anglicain the UK (Thompson 1991). It is one of the mamtnbus examples of
hybridization and polyploidization resulting inextile, highly competitive and invasive plant.
In the UK, the introduced speci& alterniflora hybridized with the natives. maritima,
resulting in the sterile hybri&. x townsendii which as a result of subsequent chromosome
doubling, produced the new specisanglicaand escaped from infertility (Thompson 1991).
Polyploid plants often have a higher fithess anel lagtter colonizers than diploids, which
might contribute to the greater incidence of invaeess among taxa that have higher ploidy
levels (Prentis et al. 2008).

However, hybridization has a greater effect on ganochanges than chromosome
doubling (Prentis et al. 2008). Interspecific hylration is a widespread feature of plants and
has been identified as a stimulus for the evolubbmcreased invasiveness in exotic plant
species (Abbott 1992; Ellstrand and SchierenbedB02Wila et al. 2000; Hanfling and
Kollmann 2002; Lee 2002; Callaway and Maron 2008hen introduced into new regions,
related plant species may be brought into contattt ether exotic species or with species
native to the introduced range, that previously been evolving in isolation from each other,
giving rise to new opportunities for hybridizatiaith potentially important consequences for
the invasion potential of the introduced speciedis{and and Schierenbeck 2000).
Hybridization is an extremely rapid mechanism fareasing genetic variation and provides
the genetic material on which natural selection eah (Anderson 1949; Anderson and
Stebbins 1954; Stebbins 1969; Ainouche et al. 20D8)eterious alleles can be unloaded by
hybridization, heterotic genotypes with high vigand phenotypic plasticity can be fixed, or
taxa with transgressive phenotypes can be createsnlfinos 2004). Novel gene
combinations resulting from hybridization may résut phenotypes that are stronger
competitors, more aggressive, have higher repramuand survival rates and are more
resistant to herbivory, and are better adaptedettain environments than either of their
parental species and may therefore be favouredahyral selection (Stebbins 1969; Arnold
and Hodges 1995; Rieseberg et al. 2007). Moretwyrjdization may facilitate adaptation to
new and extreme habitats or altered environmermatlitions, for example, due to climate
change (Abbott 1992; Pysek et al. 2003). Ecologackptation can therefore be a significant

factor for the range expansion of plant speciesh \aybrids occupying a wider range of
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habitat types (Ward et al. 2008). For example, miaktion of extreme habitats like sand
dunes, deserts and salt marshes, was made possibiaterspecific hybridization and
subsequent selection of extreme or “transgressiwdirid phenotypes of the sunflower
speciesHelianthus annuusnd Helianthus petiolaris(Rieseberg and Linder 1999). Another
aspect of hybridization is repeated backcrossingybfids with their parental species, which
might transfer individual genes and associated tagapnd beneficial traits from one parent
to the other (Barton 2001; Lee 2002; Whitney et28i06). By this introgression traits like
herbivore resistance (Whitney et al. 2006) or iase&l clonal growth (Vila and D Antonio
1998) can be acquired (Ward et al. 2008). Successforid genotypes resulting from
hybridization might be fixed and retained by vegetapropagation and increase invasion
success of exotic plants (Ellstrand and SchierdnB860; Lee 2002; Moody and Les 2002).

Species and hybrids of the invasive Fallopia complex
Invasive status, origin and impact of exotic Faioplants

Japanese knotweeBd]lopia japonicavar.japonica(Houtt.) Ronse Decraene, also known as
Reynoutria japonicandPolygonum cuspidatuynGiant knotweedKallopia sachalinensigF.
Schmidt Petrop.) Ronse Decraene) as well as tlgbnichF. x bohemicaChrtek et Chrtkova)
J.P. Bailey form one of the most troublesome inv@asipecies complexes worldwide and are
particularly aggressive in Europe and North Amel(ééeber 2003; GISD 2005)allopia
japonicavar. japonicaandF. sachalinensisare native to eastern Asia and were introduced
into Europe in the mid-nineteenth century as ornmgaieand fodder plants. Exotkallopia
taxa have been claimed to cause significant dartagative ecosystems (Richardson et al.
2000) and are especially a problem along riversidG#t al. 1992). The plants outcompete
native plants and displace native fauna (Gerbat.&2008). During the vegetation period the
dense stands can exacerbate flooding through thkition of water flow (Child and Wade
2000). In winter the above ground biomass dies laackleaves bare soil, increasing the risk
of soil erosion (Child and Wade 200®allopia plants also can cause economic problems
including damage to flood defence structures (Biger and Konold 2003). In Europe, the
most frequent taxon iB. japonicavar. japonica often found along roads and railways, the
hybrid F. x bohemicas also widespread and seems to be most commog alater courses,
while F. sachalinensisis naturalized but rare and more confined to gasdand parks
(Mandak et al. 2004).
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Biology of Fallopia

Fallopia japonica var. japonicg F. sachalinensisand their hybrid F. x bohemica
(Polygonaceae) are rhizomatous perennial geopytesrect stems and an extensive woody
rhizome system (Beerling et al. 1994). They formt\&tands and produce a large amount of
above-ground biomass, which dies back in wintere(Beg et al. 1994; Child and Wade
2000). The plants overwinter with buds below thease. In Europe, exotiEallopia plants
spread mainly by vegetative propagation (Beerlingle1994; Child and Wade 2000). They
have a high regeneration ability and can regendrate small rhizome or shoot fragments
(Brock and Wade 1992; PysSek et al. 2003). Dispaysalrs, for example, by transportation
of soil, horticultural waste or via river systenGh{ld and Wade 2000). However, there is
growing evidence that sexual reproduction also ctuEurope (Bailey et al. 2007; Tiébré et
al. 2007).Fallopia plants can produce large amounts of viable seetlsei introduced range
(Bailey 1994; Beerling et al. 1994; Bram and McN2@04; Tiébré et al. 2007) with high
germination rates under containment (Bailey 1994ildy et al. 1995; Alberternst 1998;
Forman and Kesseli 2003) and seeds are able tavimter and germinate under natural
conditions (Forman and Kesseli 2003). However, urope, low seedling survival and
establishment ofFallopia has been observed in the field (Bailey et al. 1$88lingsworth et

al. 1998). It has been proposed that seedlingsatibpia are sensitive to frost and a cold
humid winter and do not survive the European wifBsrerling et al. 1994).

Hybridization, genetic diversity and polyploidythre Fallopia complex

The octoploid Japanese knotweedjaponicavar. japonica(2n = 88) has been identified in
Europe with a single genotype (Bailey et al. 199%tz et al. 1996; Hollingsworth et al. 1998;
Hollingsworth 2000; Mandak et al. 2005; Tiebré et2007; Krebs et al. chapter 2). This
suggests that there was a single introduction wifake-sterile plant which therefore spreads
only vegetatively throughout central Europe (Bailey al. 1995; Fritz et al. 1996;
Hollingsworth et al. 1998; Hollingsworth 2000; Maxkdet al. 2005; Tiébré et al. 2007). In
contrast, several genotypes with either male-sterlmale-fertile flowers of the tetraplotd
sachalinensis(2n = 44) occur in Europe resulting from multiglgroductions or from
occasional sexual reproduction (Mandak et al. 200&bré et al. 2007; Krebs et al. chapter
2). This species can produce pure-bred seed andsaatpollen donor fdf. japonicavar.
japonica (Bailey 1994; Tiébré et al. 2007), resulting in thygbrid F. x bohemica which

exhibits various levels of ploidy, but with the majy of individuals hexaploid in nature
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(Bailey et al. 2007). The hybrid can backcross wtishparental species and crosses between
hybrids are also possible (Bailey et al. 2008). €kienanalyses indicated that the hybrid
betweerF. japonicavar. japonicaandF. sachalinensig=. x bohemica2n = 66)has a higher
genetic diversity in Europe than both parental gse@Viandak et al. 2005; Bailey et al. 2007,
Tiébreé et al. 2007; Krebs et al. chapter 2). Frégjuently found in Europe (Hollingsworth et
al. 1998; Hollingsworth 2000; Pysek et al. 2003;ndak et al. 2005; Tiébré et al. 2007) and
is considered to have a higher invasion potennhdl @ faster spread than its parental species
(Bimova et al. 2003; PySek et al. 2003). In additito maleF. sachalinensisand F. x
bohemicaplants, the climbing speciés baldschuanicgdRegel) Holub (also referred to &s
aubertii L. Henry; 2n = 20)which occurs mainly as an ornamental plant, preduertile
pollen and can act as pollen donor within #elopia complex. This diploid species was
apparently introduced into Europe with only a sengenotype with hermaphrodite flowers
(Bailey 1994; Tiébré et al. 2007). HybridizationtweenF. japonicavar. japonicaand F.
baldschuanica(Bailey 1988; Tiébré et al. 2007) results in thentaploid hybridF. x
conollyanaJ.P. Bailey (2n = 54; Bailey et al. 2007). Onlyeandividual of this hybrid has

ever been found established in nature (Bailey.e2G7).

Outline of the dissertation

Interspecific hybridization plays an important rate the invasion process of the exotic
Fallopia complex in its introduced range by providing thportunity for sexual reproduction
and increasing genetic diversity (Bailey and Sta882; Bailey 2003; Mandak et al. 2003;
Tiebré et al. 2007), thus giving the potentialdégplutionary processes. By the origin of novel
genotypes with higher fithess due to beneficiaitdrdike herbivore resistance and the
potential to adapt to new or changed environmdmnistidization could increase the invasive
success of exotiEallopia plants. In this dissertation, | present four ségdon hybridization in
the invasiveFallopia complex in Western Europe and its consequencexif@ally, | study
genetic diversity and hybridization patterns, tlkéept and variation in sexual reproduction,
regional variation in seedling establishment ardgbtential effects of climate change and the

influence of hybridization on herbivore resistance.
Chapter 2 deals with the distribution of thallopia taxa, their genetic diversity and

the existence of regional patterns of hybridizaiionhe invasive~allopia complex in seven

regions in Germany and Switzerland using RAPD aislgnd flow cytometry. We examined
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whether genetic differentiation among regions igang at the European scale and compared
the hybridization and genetic patterns with thoseother European regions. To study
distribution, frequency and genetic diversity Faf japonicavar. japonica, F.sachalinensis,
and their hybridF. x bohemicaand the regional genetic structure of the compmeuld
contribute to further understanding of patterndeeikand consequences of hybridization in
Europe. Moreover, this knowledge could contribwdeotir further understanding of causes,
mechanisms and consequences of invasion by plagtnieral.

In chapter 3 the extent and variation of sexuaka@pction within theFallopia
complex was assessed on a large scale throughatekivdcurope. Seed production, seed set,
seed germination, flower morphology and pollen Migbof the parental specids. japonica
var. japonica and F. sachalinensisand their hybridF. x bohemicawere measured in five
European regions using a hierarchical samplinggdesCrossing experiments were carried
out to assess pollen suitability for intra- anderspecific sexual reproduction and the ploidy
level of offspring was determined to infer the pas origin in natural crosses.

Chapter 4 studies the likelihood of successful kegastablishment and thus spread
through sexual reproduction of exofi@llopia species and their hybrids in Europe. So far
only low seedling establishment has been observéki field. We were especially interested
if the risk of successful seedling establishmenghnincrease under the predicted climate
change. Even if vegetative reproduction is the nraiode of reproduction for invasive
Fallopia plants, changes in the distribution and frequesicthe taxa or changes in climatic
conditions could lead to a shift in the balancemMeein vegetative and sexual reproduction
towards more sexual reproduction than we obsenaayto Sexual reproduction by
hybridization is a major force promoting genetivatsity and provides the potential for
adaptive evolution in th&allopia complex. In addition, hybridization plays a majofe in
restoring sexual reproduction in the male-stefile japonica var. japonicaclones. The
invasiveness and spread of the exdialopia complex could therefore be enhanced by

increased sexual reproduction and seedling edtaidist.

Chapter 5 deals with interactions betwéeatlopia taxa and their antagonists and the
influence of hybridization on herbivore resistandée herbivore resistance of the three
hybridizing parental species and the two hybridshef exoticFallopia complex was studied

using a set of herbivores native to Europe withalwhthey share no evolutionary history. We
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measured leaf palatability of, and herbivore penfance on the five exoti€allopia species
and on two native plant specieRumex obtusifoliysTaraxacum officinale using three
generalist herbivores and one specialist herbivioeaf characteristics often associated with
palatability, i.e. specific leaf area, leaf dry teatcontent and C/N ratio, were recorded for all
species and related to the feeding response ofhéhmkivores. We also determined leaf
palatability of the widespread hybriel x bohemicaat the genotype level to assess whether
some hybrid genotypes have extreme levels of esist compared to their parental species
As herbivores can distinguish between hybrid amémgal genotypes (Fritz et al. 1998; Fritz
et al. 2003), interactions with herbivores may gty an important role in the evolution of
hybrids.
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DIFFERENT ORIGIN AND REGIONAL DIFFERENTIATION IN HBRIDS

Abstract

Interspecific hybridization can be a driving foroé evolutionary processes during plant
invasions by increasing genetic variation and angahovel gene combinations, thereby
promoting genetic differentiation among populati@fsinvasive species in the introduced
range. We tested for regional genetic structurthéinvasiveFallopia-complex, consisting
of Fallopia japonica var. japonica, Fallopia sachalinensisand their hybridFallopia x
bohemica in seven regions in Germany and Switzerland us®dD analysis and flow
cytometry. All individuals identified ai. japonica var. japonicaxhibited the same RAPD-
phenotype, whild=. sachalinensig11l RAPD-phenotypes for 11 sampled individualg) Bn

x bohemica (24 RAPD-phenotypes for 32 sampled individualspvedd high genotypic
diversity. Bayesian cluster analysis revealed tliisenct genetic cluster3 he majority off.

x bohemicaindividuals were assigned to a unique genetictetudifferent from those of the
parental species, while the otlierx bohemicandividuals had different degrees of admixture
to the three genetic clusters. At the regional escélhe occurrence of male-fertile.
sachalinensiscoincided with the distribution ofF. x bohemicaplants showing a high
percentage of assignment to both parental spesiggesting that they originated from
hybridization between the parental species. In resht in regions where male-fertile.
sachalinensiswere absentF. x bohemicabelonged to the non-admixed genetic group,
indicating multiple introductions of hybrids or st reproduction among hybrids. We also
found regional differentiation in the gene poolFofx bohemicawith individuals within the

same region more similar to each other than indaiisl from different regions.
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I ntroduction

Understanding the dynamics of invasive speciesnaadaging them is a major challenge for
modern ecology and conservation biology (Mooney Hobtbs 2000). Evolutionary change
is often important to our understanding of the egmal dynamics of invasive populations
(Lambrinos 2004). There is growing evidence thatendly introduced populations often
experience rapid evolutionary changes in morphqglbghaviour, and life history (Sakai et al.
2001; Lee 2002; Callaway and Maron 2006; Friedmeinal. 2008) sometimes resulting in
significant differentiation among populations ofvasive species in the introduced range
(Prentis et al. 2008). Since the capacity of sgetweinvade may be shaped by evolutionary
processes, managers and decision makers can rer lagard alien species as stable genetic
entities, without the risk of using inappropriatamagement strategies.

Two important evolutionary phenomena in plant speare hybridization and polyploidy.
Interspecific hybridization between introduced etvieen introduced and native species have
been identified as a potentially important driviiegce of evolutionary processes in invasions
(Abbott 1992; Ellstrand and Schierenbeck 2000; \é&taal. 2000; Hanfling and Kollmann
2002; Lee 2002; Callaway and Maron 2006). Bothotygric and genomic alterations may
stimulate invasiveness of newly formed taxa (Esttr and Schierenbeck 2000).
Hybridization can unload deleterious alleles orlieterotic genotypes with high vigour and
phenotypic plasticity, or create taxa with transgiree phenotypes (Lambrinos 2004).
Hybridization may also increase genetic diversityntroduced taxa and provide the genetic
material on which selection and genetic drift may ta promote population differentiation.
Genetic variation and differentiation of hybridsan invasive complex may also be promoted
by the often complex history of invasion.

Multiple introductions seem to be common in invasiqDlugosch and Parker 2008), and
parental invasive species are likely to exhibifed#nt spatio-temporal invasion dynamics.
This results in situations where the patterns ddrityzation are complex and provide a huge
diversity of genotypes on which selection may a&ih@duche et al. 2003; Rieseberg et al.
2007). Understanding the sources of variation ttmttribute to evolution in hybridizing
invasive species requires detailed examinatiohefvariation of hybridization patterns over
the introduced range as well as the examinatiahefyenetic consequences of hybridization
events.

The herbaceous rhizomatous perennials, JapanesedatbFallopia japonicavar. japonica

(Houtt.) Ronse Decraene, also knownRssynoutria japonicaand Polygonum cuspidatum
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giant knotweed Rallopia sachalinensis(F. Schmidt Petrop.) Ronse Decraemad their
hybrid F. x bohemica(Chrtek et Chrtkova) J.P. Bailey form one of thesmtsoublesome
invasive species complexes worldwide and are pdatily aggressive in Europe and North
America (Weber 2003; GISD 2005). The octoploid aiggse knotweed. japonica var.
japonica (2n = 88) was introduced into Europe in the 19htary as an ornamental and
fodder plant, along with the related tetraplbidsachalinensig2n = 44). In Europe, plants of
F. japonica var. japonicare male-sterile, but can be pollinatedFoysachalinensisresulting

in the hybridF. x bohemica which exhibits various levels of ploidy, but withhe majority of
individuals hexaploid in nature (Bailey et al. 2007

Interspecific hybridization and polyploidizationygbeen important features in the evolution
of invasiveFallopia in their introduced range (Bailey and Stace 1¥¥iley 2003; Mandak
et al. 2003; Tiébré et al. 2007). Recent reviewsehmade a number of generalizations
regarding the pattern and evolutionary consequentds/bridization in invasiveFallopia
(Bailey and Wisskirchen 2006; Bailey et al. 200Fjrst, Fallopia hybrids are widespread in
the introduced range and their abundance has swdesince time of introduction. But the
variation in the relative frequency of parental amgbrid taxa among different European
regions is large (Table 1). Second, hybridizati@stores sexual reproduction to the
populations by generating male and female prog&hyrd, hybridization is also probably a
major force promoting genetic diversity in tR@llopia complex, becaus€. x bohemica
hybrids are more genetically variable than the piatespecies.

Apart from these general conclusions, quantifyimg ¥ariation of hybridization patterns and
the resulting genetic structure Fallopia taxa among different European regions remains
difficult for different reasons. First, a largerpaf the potential range of the species has not
been explored, especially in the southern parhefgarental distribution range, or, where it
has been, botanists have had difficulty correctentifying the plants (Bailey and
Wisskirchen 2006). Second, most surveys did nontfyathe relative abundance of the
different taxa and ploidy levels. Third, genetiankers used by the authors (isozymes,
RAPDs and ISSRs) as well as spatial scales (frama ¢& km to hundreds of km) differed
among studies. Thus, the consequences of hyhtimlizan the genetic differentiation of
Fallopia populations are not clear. Tiébré et al. (20@tintl no regional pattern for tie x
bohemicagene pool over central Belgium. However, theigpatale considered in this study
was not suitable to test the hypothesis of regiahHierentiation at the European scale.

Testing this hypothesis requires studies at lasgales using a hierarchical sampling scheme.
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In this paper we test explicitly for a regional géa structure of the invasivEallopia
complex along a north-south transect in westerrtraeRurope. Specifically, we aim, (1) to
test for the existence of regional patterns of ldybation, (2) to examine whether genetic
differentiation among regions is ongoing at the dpgan scale, and (3) to compare the

hybridization and genetic patterns with those meotEuropean regions.

M aterials and methods
Plant material and collection sites

Fallopia japonicavar.japonica,F. sachalinensigand the hybrid between the two speciess
bohemica,are clonal plants with erect stems of 1.5 - 4 ngfite The plants develop an
extensive woody rhizome system and can regeneesy €rom small rhizome or shoot
fragments (Bailey 2007).

Rhizomes of. japonica var. japonicak-. sachalinensiendF. x bohemicawere collected in
September and October 2005 from 132 stands in iffereht regions in Germany and the
Ticino region of Switzerland (Fig. 1).
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‘ \ eipzig

Odenwald

¢

Freiburg

©

1 F. x bohemica
' I . japonica
v Ticino [ F. sachalinensis

a

Figure 1: Map showing the sampled regions and tbpgstional abundance of the taxa within each
region.
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The area sampled within each region varied from028010000 krfi In each region, plants
were collected from ~20 stands selected randomlgbtain a representative picture of the
relative abundance of the different taxa. To iaseethe chance of collecting different clones,
the distance between the selected stands wassat3@@ m. Because we were interested in
genetic variability and hybridization patterns ardd in local clonality within stands, only one
rhizome from one ramet was sampled in each staod.ekch stand GPS data (latitude,
longitude and altitude) were recorded. The colikateizomes were planted into pots in a
common garden at the University of Marburg, Germamgd leaf material for the molecular
analyses was collected from these plants in Octd@@b and for the flow cytometry in April
2006.

Identification of taxa

Taxa were tentatively identified using a combinatiof morphological and cytological
characters as recommended by Tiébré et al. (200he morphological identification was
based on leaf characters including the presentecbbmes, length and width of the leaves,
and the shape of the leaf base and apex (Beetliay £394; Bailey et al. 1995; Bailey et al.
1996). In addition, the ploidy level of the 132ividuals was assessed by flow cytometry
following the technique of Tiébré (2007). This teijue allows the rapid determination of the
relative DNA content of nuclei by measuring theoflescence of a fluorochrome that
specifically binds to DNA (Galbraith et al. 1988jeces of fresh, young leaves were chopped
with a razor blade, after addition of 500 pL 100 rdtlium hydrogen phosphate at pH 7 and
containing @ % Tween 20. After filtration through a 30 um nylater, 500uL of a solution

of 5g/L DAPI (fluorochrome) in 100 mM sodium hyderg phosphate was added. Flow
cytometry measurements were performed with a Pamachine (CA3 software 1995)
equipped with a UV lamp. The fluorochrome was ectiat 340 nm and emitted at 470 nm. A
tetraploid individual ofF. sachalinensisof known chromosome number was used as an
internal standard for each measurement. We usedatlte'mean fluorescence intensity of
sample / mean fluorescence intensity of interreaddrd’ to assess the ploidy level. For some
individuals of all three taxa, Tiébré et al. (200iad both counted root tip chromosomes and
performed flow cytometry. These results could beduto interpret our fluorescence data

more accurately.
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RAPD analysis

We used RAPD markers to determine the genetic twamiaand the relationships within and
among groups dfallopia. The total genomic DNA of the 132 individuals veadracted using

a modified CTAB method (Doyle and Doyle 1990). ¥iftg of young leaves, which had been
rinsed with distilled water and dried with silicaelg were used per sample. DNA was
quantified by reference to the High DNA mass laddleritrogen) on a 0.6 % agarose gel. For
the RAPD-PCR, a reaction mixture of 25 puL per samneés used, containing 10 X buffer
(New England Biolabs, Inc), 1.5 mM Mg{l0.2 mM of each dNTP (Fermentas GmbH,
Germany), 0.4 uM primer, 1 unltag polymerase (New England Biolabs, Inc.), 0.2 mg/mL
BSA (Fermentas GmbH) and 20 ng template DNA. Angaifon was performed using a
PTC-200 Thermal Cycler (MJ Research: Biozym) progreed for an initial denaturation at
95°C for 2 min; followed by 44 cycles of 20 s af841 min at 36°C, and 1 min at 72°C; and
a final extension at 72°C for 10 min. PCR prodwegse run on a 1.8% agarose gel in TAE
(Tris-Acetate-EDTA) and stained with 14 pL ethididsnomide. Molecular weights were
estimated by reference to a 100 Base-Pair laddeméBuler™, Fermentas GmbH).

Eight primers (A10, A19, G06, J12, M10, M15, R1107] from the Operonl0O-mer kit
(Operon Biotechnologies GmbH, Cologne/Germany) twhproduced reproducible and
unambiguous polymorphic banding patterns were tmethe RAPD analysis. These primers
had also been used by Tiébré et al. (2007). Theepoe or absence of DNA fragments was
scored. We genotyped DNA from each individual twicecheck for reproducibility among
PCR runs. A binary matrix based on polymorphic Isamehs produced by scoring the
presence (1) or absence (0) of DNA fragments manuabr each primer, bands of identical
size were considered homologous. Non-reproducibled® were discarded from the data

matrix.

Data analysis

A Bayesian-based cluster analysis was performedhenRAPD data using the program
Structure 2.1 (Pritchard et al. 2000). The methsdsuMarkov chain Monte Carlo methods
(MCMC) to estimate allele frequencies and to assimghividuals probabilistically either to

distinct gene pools or jointly to two or more geyals if their genotypes indicate that they
are admixed. Because of the dominant marker useth, lecus was coded as known for one
copy and unknown (coded _9 as recommended in thgram) for the other (Pritchard and
Wen 2004; Tiebré et al. 2007). To obtain datatyrifrom the genetic information, we did
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not use prior information regarding species idgntAnalyses were performed under the
admixture model. Five independent runs were camgdfor each value dk (numbers of
clusters assumed) between 1 and 8, with paramatersnodel likelihood estimated at over
200,000 MCMC iterations following a burn-in periofi50,000 steps. The maximum value of
the log likelihood of datal[(K)] and the minimum variance of (K)] associated with eadk
value were analyzed to identify the number of dusthat best described the data. However,
because Evanno et al. (2005) showed that this rdedbes not always correctly estiméte
the AK statistic based on the rate of change oK)ngetween successive valueskofwas
calculated to infer the appropriate number of @rist(Evanno et al. 2005). For each
individual, we assessed its mean percentage of m@esmip (nean) t0 each of th&K genetic
clusters based on the four independent runs.

In order to test for isolation by distance for hgr spatial autocorrelation statistics were
calculated using a relationship correlogram witiAGEDI version 1.2 (Hardy and Vekemans
2002) to characterize the spatial genetic structutieout assumptions about its pattern. The
relationship coefficient developed by Hardy (20(33% measure of pairwise genetic similarity
between individuals, adapted to dominant markeistaDce classes (0-100 km, 100-300 km,
300-400 km and >400 km) were chosen to obtain daimumber of pairs of individuals for
each distance class. The slope of the regressitreqgiairwise relationship coefficient on the
logarithm of the pairwise geographical distancesvben individuals was estimated. The
significance of the relationship coefficient in baclass was tested by permutation tests
(20,000 iterations).

Results

Based on morphological identification, the planttenial contained 89 putativie. japonica
var. japonica 11 putativeF. sachalinensi@nd 32F. x bohemica Flow cytometry analyses
revealed three levels of ploidy confirming the mwijwogical identification. The fluorescence
peak ranging from 0.509 to 0.524 for individualentlfied asF. sachalinensigorresponded
to the tetraploid standard. The fluorescence p@&ks japonica var. japonicandividuals
ranged from 2.002 to 2.405 indicating that theyewnectoploid. The fluorescence peaks of
individuals identified a§. x bohemicaranged from 1.502 to 1.684 indicating that thdsats
were hexaploidsFallopia japonica var. japonica was found in all regions studiedf.

sachalinensisvas present in all regions except in the Ticimad &he hybrid was detected in
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all regions except the region around Kiel. The tredafrequency of the three taxa varied
strongly among the regions (Fig. 1).

Seventy seven polymorphic RAPD markers were scadamtifying 37 multilocus RAPD
phenotypes among the 132 individuals analysedth&lloctoploid individuals identified &
japonica var. japonica(N = 89) exhibited the same RAPD phenotype. In cohtr@ach
individual (N = 11) off. sachalinensihiad a different RAPD phenotype. x bohemicaalso
exhibited a high genotypic diversity with 24 RAPChegmotypes among 32 sampled
individuals. One of these RAPD phenotypes was shasefive individuals, four of them
from the same region (Leipzig) and one from theinbaegion. Another RAPD phenotype
was shared by four individuals in different regig@snabrtck, Ticino and Munich) and one
by two individuals of the Ticino region.

The Bayesian analysis using STRUCTURE indicatedpitesence of three distinct
genetic clusters in the sample Béllopia (Fig. 3). The likelihood of the data gradually
increased from K = 2 (LL = -1343.29) to a maximutnka= 5 (LL = -808.55). However,
above K=3 AK was not higher than the inter-run variation offfg( 2).
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Figure 2: Inference of the number of genetic chissi) of Fallopia individuals using the model-
based clustering method of Pritchard et al. (200@an (+ SD) of the log probability of data [L(K)]
based on four independent runk)(as a function of the value of K and the rateldigge in the log
probability of dataAK between successive values of&)(
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Figure 3: Assignment proportion of the 132 samptetividuals (bars) of thre€allopia taxa from
western-central Europe to the three genetic cleigi€j detected using the model-based clustering
method of Pritchard et al. (2000). Individuals witle same RAPD phenotype are represented only by
a single bar. Each colour (white, grey, black) espnts a genetic cluster (K). Letters below each ba
represent the geographic region of origin (O= Osi@dh M= Munich, L= Leipzig, K= Kiel, F=
Freiburg, D= Odenwald, T= Ticino).

Consequently, the value of K = 3 was retained amel data analyzed for individual
assignments. All individuals d¥. japonica var. japonicavere assigned to a single genetic
cluster ¢ = 1.00) (Fig. 3). The individuals &f. sachalinensisvere also assigned to a single
genetic clusterq = 1.00), except for one that displayed a low |lesfeadmixture ¢ = 0.15)
with the genetic cluster dominated Byx bohemicandividuals (see below).

The situation was more complex fer x bohemica The majority of hexaploié. x bohemica
individuals were totally (14 out of 2g;= 1.00) or almost totally (another fivgranging from
93 to 99) assigned to a unique genetic clusteemfft from those of the parental species. The
otherF. x bohemicandividuals (10 out of 29) had different degreésdmixture to the three
genetic clusters. Assignment to the cluster charestic forF. x bohemicaranged from 2% -
60%, to the cluster characteristic fér japonica var. japonicdrom 9% - 52%, and to the
cluster characteristic ¢f. sachalinensigrom 21% - 63%. The different patterns of admigtur
were not randomly distributed among regions. Irdirail hybrids from the Odenwald region
(N = 4) displayed a high admixture to the three genetusters with more than 50%
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assignment to the cluster typical forx bohemicaln contrast, all individuals from the Ticino
region were totally assigned to the genetic clusgeical for F. x bohemica Individuals from
the Munich region displayed more diversified patsewith about half of the individuals (5/9)
assigned to the single genetic cluster typicaFaox bohemicaand the others (4/9) assigned to
the three genetic clusters with more than 50% duth¢ combined genetic cluster of the
parental species. In the Leipzig region, six of thdividuals were assigned totally or
predominantly to a different cluster than the ptakspecies, while a single individual was
assigned nearly completely to the clusters of Hremtal species.

Autocorrelation analysis of the spatial genetiaatiure ofF. x bohemicandividuals revealed

a significant negative regressidm £ -0.033,P = 0.029) between the relationship coefficient
and the logarithm of the spatial distance betweelividuals. The relationship coefficien) (
values were positive and significantly differendrfr zero ( = 0.073,P = 0.028) in the first
distance class (0-100 km) and significant but negat = -0.067,P = 0.032) in the second
distance class (100-300 km). Relationship coeffici@lues in the other distance classes were
not significantly different from zero (Fig. 4).
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Figure 4: Relationship coefficient correlogram ehgtic similarity betweeR. x bohemicandividuals

as a function of their geographic distance (digtariasses: 0 - 100 km, 100 - 300 km, 300 - 400 km
and > 400 km). Unfilled symbols represent relatiopoefficients significantly different from 0 @

< 0.05).
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Discussion

In this study, we demonstrated quantitatively thate is (1) strong variation in hybridization
patterns in the invasivéallopia complex among regions separated by hundreds ahkires
over a north-south transect in western central peirand, (2) a clear differentiation of
genetic pools of. x bohemicaamong regions, with individuals within regions maimilar
than individuals among regions.

In accordance with studies in Great Britain, thee€®z Republic and Belgium (Bailey et al.
1995; Hollingsworth et al. 1998; Hollingsworth 200@andak et al. 2005; Tiébré et al. 2007),
we found a single genotype of the most widespreackrtal speciesk. japonica var.
japonica,over our entire study area. This was the sametgpe as observed in Belgium by
Tiébré et al. (2007). This strongly suggests thaingle introduction of a male-sterile.
japonica var. japonicavas made, and that this genotype has spread viegbtahroughout
western, northern and eastern Europe (Bailey antbl302000). In contrast, we found a
high genotypic diversity in the hybrie. x bohemicathroughout our study area. The level of
genotypic diversity found in our study was compéedb that found in Belgium (Tiébré et al.
2007) with the same molecular markers. The geneti@ation found in the hybridF. x
bohemicamay stem from three sources: i) genetic diversitythe parental specieB.
sachalinensisii) the genetic segregation of the F1 hybridgKseossing to either parent, and
iii) multiple introductions of hybrids from the ne¢ range.

The occurrence of many different hybrid genotypeggests that those hybrids originated
from sexual reproduction. Seedling recruitmemature appears to be relatively rare, but has
been reported from different parts of Europe (Ba#éé al. 1995; Hollingsworth et al. 1998).
Tiébré et al. (2007) demonstrated tRatllopia seeds can survive winters and germinate in
spring. In contrast, in the U.S. seed productibRailopia japonicais high and seeds readily
over-winter and can be found in nature (Forman kkesiseli 2003; Grimsby et al. 2007). A
low percentage of seedlings surviving and estaibigsiwould be sufficient to increase
genotypic variation ifr. x bohemican Europe. For plant species with long lived-geneten
rare events of in situ sexual reproduction of dijeett clones can be sufficient to maintain
high genetic diversity (Ellstrand and Roose 1983hiieIsen and Brochmann 1998).

Prior studies reported a relatively low geneticedsity of the other parental speciés,
sachalinensisin Europe (Pashley et al. 2003; Tiébré et al.720(n the Czech Republic,
Mandak et al. (2005) found a moderately high leMebenotypic variation, with 16 male-

fertile and male-sterile genotypes among 50 stasfdshich one genotype was very common.
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Our study also revealed a high genotypic diversity. sachalinensisacross our sampling
area, suggesting multiple introductions into Europkhis diversity in the parental species
may enhance genetic diversity in the hybrid in segi where RAPD data suggest in situ
origin of hybrids (see below).

The high genetic variation in hybrids may provide tmaterial for genetic differentiation
among regions due to the combined effects of lidnigene flow, genetic drift and local
adaptation. However, our results suggest thagémetic differentiation of groups of hybrids
among regions stems, in fact, from different hylordjins. Several scenarios for different
hybrid seed origins have been proposed, includeeg roduction by in-situ hybridization
among parental species potentially followed by baoksses with hybrids from different
generations; independent introductions of hybriddsefrom the native range; and hybrid
propagation within the introduced range by exchamigeeeds and rhizomes among regions
for horticulture (Tiébré et al. 2007).

In the assignment tests using the RAPD data witlpnar information on groupings;. X
bohemicashowed a complex pattern of admixture to differgahe pools. One group of
hybrid genotypes was assigned to a specific gepeiit and not to a mixture between the
genetic pools of the putative parents. Using tmes assignment test, Tiébré et al. (2007)
also found a specific gene pool fér x bohemicain Belgium, with little introgression df.
sachalinensisnto F. x bohemica This group of hybrids with no admixture is nixely to
consist of first generation hybrids of parental@gpes present in a specific region, unless the
hybridization event has led to a rapid structutzrgye at the genome level, a phenomenon
that has been shown to be associated with the wolaf polyploid genomes (Ozkan et al.
2001; Salmon et al. 2005). Rather, hybrids witradmixture could have been introduced into
a specific region from the native range or othetgpaf Europe, or they may be the result of
ongoing sexual reproduction among hybrids, leadmga gradual loss of the amount of
genome identical to those of their parental speciBso more groups were found, with one
group of hybrids assigned to a genetic group witktrang contribution of both parental
species. This group of admixed hybrids may consistirst generation hybrids. Another
group of individuals with a contribution of parelnspecies, but also a high contribution of the
specific pool ofF. x bohemicacould result from backcrosses of hybrids with gagental
species.

An interesting result is that the proportion of thex bohemicagroups with different patterns
of admixture differs among the regions. An impott@ctor explaining the frequency of these

hybrid groups may be the availability of pollen sms due to variation in the presence of
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parental species. Throughout the study raRkggaponica var. japonicavas the dominant
taxon, but the abundancefefsachalinensisaried considerably among the regiofsllopia
sachalinensiglants were more frequent in eastern and nortreggions of our sampling area,
but were not found in Ticino, neither inside nortside of our study region (C. Krebs,
personal observation). At the regional scale,abeurrence of male-fertilE. sachalinensis
coincides with the distribution of hybrids of thelnaixed group (C. Krebs, personal
observation). For example, in the region around iRlumanyF. x bohemicaplants show a
high percentage of assignment to both parentaiegda this region sever&l sachalinensis
genotypes, both male-sterile and male-fertile, adecucontrast, in the Ticino region we found
no F. sachalinensiglone and hybrids with very little admixture. Thendings suggest that
in regions wherd-. sachalinensigs not sympatric or only the more common maleister
form occurs, andr. x bohemicabelongs to the non admixed genetic group, theroesae of
the taxon is probably due to multiple introductidram other regions and a high proportion
of the genetic variability is caused by sexual odpiction among the hybrids and not by
hybridization between the parental species. Altaraly, F. sachalinensismight have

formerly occurred, hybridized with. japonicaand since become extinct.

Our data also clearly illustrate how the relatirgortance of the differeritallopia taxa and
patterns of hybridization differs from those in ethiEuropean areas. The relative abundance
of F. sachalinensighroughout our entire study area was similar &t teported for the UK
and Belgium, but was lower than in the Czech Rapylblable 1). This latter area should be
considered a hotspot of distribution fér sachalinensisn its introduced range. The higher
abundance in the Czech Republic may be due toattheiatroduction ofF. sachalinensignto
Eastern Europe, where it is known to have growthenBotanical Garden of St. Petersburg
since 1864, from where it probably started to spreto the west (Bailey and Wisskirchen
2006). We also confirmed that the hybFidx bohemicas widespread in continental Europe,
while in Britain F. japonica var. japonicdas a hundred times more frequent (Table 1). In
contrast to other parts of Europe whérex bohemicadisplays different levels of ploidy
(aneuploid, 4x, 6x, 8x; see Table 1), all of oubifigs samples were hexaploid. Hence, we
confirmed the rarity of the tetraploid hybrid orethontinent of Europe compared with the
UK. Our results also suggest a South-East - Nordsigradient in the distribution & x
bohemicawithin our sampling area, with higher abundancthensouth-eastern regions. This
pattern does not match findings from other stuevagch suggest a predominantly northern

and western distribution df. x bohemicain continental Europe (Bailey and Wisskirchen
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2006). However, it has also been pointed outtth@tpparent absence of hybrids from large
areas may be the result of misidentificationFaflopia taxa by field botanists, and that, in
fact, there is still a lack of information for maEyropean countries regarding the occurrence
and distribution of the hybrid (Bailey and Wisskiem 2006). The highest abundance of
hybrids, as compared to that of the parental tese found in the more southern region of
Ticino. This supports the idea th&t x bohemicamay be more prone to invade the
submediterranean and mediterranean regions thanaients and exhibits a niche that is not
only intermediate between its parents but reveaw mualities of independent niche
adaptation and range wideni(Bgiley and Wisskirchen 2006).

In a recent study, Friedman et al. (2008) repoaeagknetically based latitudinal gradient in
cold hardiness in the invasive saltcedar complexrarix ramosissimalramarix chinensis
and hybrids) in North America, with southern hybsdltcedars more closely related o
chinensisand northern plants more closely related toamosissimaAccording to Friedmann
et al. (2008), hybridization is likely to have iotiuced the genetic variability necessary for
rapid evolution of the cline in saltcedar cold haeds. Similarly, the increased genetic
variation in the~allopia-complex by hybridizing and the regionalisatiortted genetic pool of
hybrids as observed in our study may provide tive maaterial for adaptive evolution in
response to the biotic and abiotic conditions entered in different regions of Europe, and
may ultimately increase the invasiveness of theidyl x bohemica Our results also suggest
that the potential spread by sexual reproductiamulshbe taken into account when planning

management measures against the invasalepia complex in Europe.

Acknowledgements

We thank Marco Moretti (WSL Bellinzona, Switzerlagnd/era Wolf, Tatjana Schmidt,
Rudiger Wittenberg (CABI Europe Switzerland), Anfchubring (Untere Naturschutz-
behdorde Neumdinster), Maxi Huth and Haike RuhnkeZ(WWHalle) for help with the field
work, Kim Rondeau for reading the manuscript, Namnidistrand for valuable input on an
earlier version of the manuscript and the DeutsBledesstiftung Umwelt (DBU) for

financial support to Christine Krebs.

43



DIFFERENT ORIGIN AND REGIONAL DIFFERENTIATION IN HBRIDS

References

Abbott, R. J. (1992) Plant invasions, interspedifypridisation and the evolution of new plant
taxa.Trends in Ecology and Evolutiah 401-405.

Ainouche, M. L., Baumel, A., Salmon, A. and Yanrg:, (2003) Hybridization, polyploidy
and speciation ispartina(PoaceaeNew Phytologisi6l: 165-172.

Bailey, J. P. and Stace, C. A. (1992) Chromosonmelyaun, morphology, pairing, and DNA
values of species and hybrids in the gdraltopia. Plant Systematics and Evolution
180: 29-52.

Bailey, J. P., Child, L. E. and Wade, M. (1995) éssment of the genetic variation and
spread of British populations &&llopia japonicaand its hybridrallopia x bohemica
In: P. PySek, K. Prach, M. Rejmanek and M. Wdlant Invasions - general aspects
and special problem$PB Academic Publishing, Amsterdgop. 141-150.

Bailey, J. P., Child, L. E. and Conolly, A. P. (BYA survey of the distribution dfallopia x
bohemicaChrtek & Chrtkova) J. Bailey (Polygonaceae) ia British IslesWatsonia
21:187-198.

Bailey, J. P. and Conolly, A. P. (2000) Prize-wirs® pariahs - A history of Japanese
Knotweed s. |. (Polygonacea) in the British Is&tsonia23: 93-110.

Bailey, J. P. (2003) Japanese Knotweed at homalaroéd. In: L. E. Child, J. H. Brock, G.
Brundu et alPlant invasions: ecological threats and managensehitions
Backhuys Publishers, Leiden, The Netherlapgs183-196.

Bailey, J. P. and Wisskirchen, R. (2006) The dsition and origins offallopia x bohemica
(Polygonaceae) in Europdordic Journal of Botang4: 173-200.

Bailey, J. P., Bimova, K. and Mandak, B. (2007) Pplo¢ential role of polyploidy and
hybridisation in the further evolution of highlyasiveFallopia taxa in Europe.
Ecological ResearcB2: 920-928.

Beerling, D. J., Bailey, J. P. and Conolly, A. P994) Biological Flora of the British Isles.
Fallopia japonica(Houtt.) Ronse DecraenBéynoutria japonicadoutt.; Polygonum
cuspidatunsieb. & Zucc.)Journal of Ecology82: 959-979.

Callaway, R. M. and Maron, J. (2006) What have iexgant invasions taught us over the
past 20 yearsPrends in Ecology and Evolutidi: 369-374.

Dlugosch, K. M. and Parker, 1. M. (2008) Foundimgmts in species invasions: genetic
variation, adaptive evolution, and the role of nplét introductionsMolecular
Ecologyl17: 431 - 449.

44



DIFFERENT ORIGIN AND REGIONAL DIFFERENTIATION IN HBRIDS

Doyle, J. J. and Doyle, J. L. (1990) Isolation tzrpp DNA from fresh tissud=ocus12: 13-15.

Ellstrand, N. C. and Roose, M. L. (1987) Patteringemotypic diversity in clonal plant
speciesAmerican Journal of Botang4: 123-131.

Ellstrand, N. C. and Schierenbeck, K. A. (2000) Hization as a stimulus for the evolution
of invasiveness in plant$&NAS (Colloquium®7: 7043-7050.

Evanno, G., Regnaut, S. and Goudet, J. (2005) Degethe number of clusters of individuals
using the software STRUCTURE; a simulation stidglecular Ecologyl4: 2611-
2620.

Forman, J. and Kesseli, R. V. (2003) Sexual repetdn in the invasive speci€éallopia
japonica(PolygonaceaeAmerican Journal of Botan§0: 586-592.

Friedmann, J. M., Roelle, J. E., Gaskin, J. F.pegpA. E. and Manhart, J. R. (2008)
Latitudinal variation in cold hardiness in introéaclamarixand nativePopulus
Evolutionary Applicationd.: 598-607.

Gabrielsen, T. M. and Brochmann, C. (1998) Sex attehigh levels of diversity detected in
the arctic clonal plarffaxifraga cernuaising RAPD markerdMolecular Ecologyr:
1701-1708.

Galbraith, D. W., Harkins, K. R., Maddox, J. M.,&g, N. M., Sharma, D. P. and
Firoozabadi, E. (1983) Rapid flow cytometry anadysi the cell cycle in plant tissue.
Science220: 1049-1051.

GISD (2005)Fallopia japonica Available from
http://www.issg.org/database/species/ecology.as®ikfr=1&sts=&lang=EN
(Accessed 20 August 2008)

Grimsby, J. L., Tsirelson, D., Gammon, M. and Kés&e (2007) Genetic diversity and
clonal vs. sexual reproduction kallopia spp. (Polygonaceae)merican Journal of
Botany94: 957-964.

Hanfling, B. and Kollmann, J. (2002) An evolutiongrerspective of biological invasions.
Trends in Ecology and Evolutidty: 545-546.

Hardy, O. J. and Vekemans, X. (2002) SPAGeDI: aatde computer program to analyse
spatial genetic structure at the individual or dapan levels Molecular Ecology
Notes2: 618-620.

Hardy, O. J. (2003) Estimation of pairwise relaestbetween individuals and
characterization of isolation-by-distance processasg dominant genetic markers.
Molecular Ecologyl2: 1577-1588.

45



DIFFERENT ORIGIN AND REGIONAL DIFFERENTIATION IN HBRIDS

Hollingsworth, M. L., Hollingsworth, P. M., JenkinG. I., Bailey, J. P. and Ferris, C. (1998)
The use of molecular markers to study patternseabtypic diversity in some invasive
alienFallopia spp. (PolygonaceadYlolecular Ecology7: 1681-1691.

Hollingsworth, M. L. (2000) Evidence for massiverl growth in the invasive weed
Fallopia japonica Botanical Journal of the Linnean Sociéi$3: 463-472.

Lambrinos, J. G. (2004) How interactions betweesiagy and evolution influence
contemporary invasion dynamidscology85: 2061-2070.

Lee, C. E. (2002) Evolutionary genetics of invaspeciesTrends in Ecology and Evolution
17: 386-391.

Mandak, B., PySek, P., Lysak, M., Suda, J., Krabwde A. and Bimova, K. (2003) Variation
in DNA-ploidy levels ofReynoutriataxa in the Czech Republidnnals of Botan@2:
265-72.

Mandak, B., Bimova, K., PySek, P., Stepanek, J.Rladkova, I. (2005) Isoenzyme diversity
in Reynoutria(Polygonaceae) taxa: escape from sterility by iaytation. Plant
Systematics and Evolutid@b3: 219-230.

Mooney, H. A. and Hobbs, R. J. (2008yasive species in a changing worldland Press,
Washington, D.C.

Ozkan, H., Levy, A. A. and Feldman, M. (2001) Altdgploidy-induced rapid genome
evolution in the wheatAegilops-Triticum) group.The Plant Celll3: 1735-1747.

Pashley, C. H., Bailey, J. P. and Ferris, C. (20a8}her evidence of the role of Dolgellau,
Wales, in the production and dispersal of Japakestveeds.l. In: L. Child, J. H.
Brock, G. Brundu et aPlant invasions: Ecological threats and management
solutions Blackhuys Publisher, Leidepp.197-211.

Prentis, P. J., Wilson, J. R. U., Dormontt, E.Hichardson, D. M. and Lowe, A. J. (2008)
Adaptive evolution in invasive specidgends in Plant Scienck3: 288-294.

Pritchard, J. K., Stephens, M. and Donnelly, PO@Q0nference of population structure using
multilocus genotype dat&eneticsl55: 945-959.

Pritchard, J. K. and Wen, W. (200@pcumentation for Structure Softwarehe University of
Chicago Press, Chicago.

Rieseberg, L. H., Kim, S.-C., Randell, R., WhitnKy, Gross, B., Lexer, C. and Clay, K.
(2007) Hybridization and the colonization of notabitats by annual sunflowers.
Genetical29: 149-165.

Sakai, A. K., Allendorf, F. W., Holt, J. S., Lodde, M., Molofsky, J., With, K. A.,
Baughman, S., Cabin, R. J., Cohen, J. E., Elisfrian€., McCauley, D. E., O Nell,

46



DIFFERENT ORIGIN AND REGIONAL DIFFERENTIATION IN HBRIDS

P., Parker, I. M., Thompson, J. D. and Weller, S(Z601) The population biology of
invasive specieAnnual Review of Ecology and Systemaiizs305-32.

Salmon, A., Ainouche, M. L. and Wendel, J. F. (208&netic and epigenetic consequences
of recent hybridization and polyploidy Bpartina(PoaceaeMolecular Ecologyl4:
1163-1175.

Tiébré, M.-S., Bizoux, J.-P., Hardy, O. J., BaildyP. and Mahy, G. (2007) Hybridization
and morphogenetic variation in the invasive akatlopia (Polygonaceae) complex in
Belgium.American Journal of Botan4: 1900-1910.

Tiébré, M.-S., Vanderhoeven, S., Saad, L. and M&hy2007) Hybridization and sexual
reproduction in the invasive aliéallopia (Polygonaceae) complex in Belgium.
Annals of Botan®@9: 193-203.

Vila, M., Weber, E. and D'Antonio, C. M. (2000) Gamvation implications of invasion by
plant hybridizationBiological Invasion®: 207-217.

Weber, E. (2003nvasive plants in the world: a reference guidetwironmental weeds.
CABI-Publishing, London, UK.

Appendix A: Variation in the relative abundance peessed as proportion of individuals
examined) ofF. japonica var. japonicaF. sachalinensisand the hybridF. x bohemicain
different areas of Europe (data from various swidi€or the hybridF. x bohemica the
proportion of individuals with different ploidy lels is given in brackets.

Region F. japonica var. F. sachalinensis F. x bohemica

japonica (aneuploid, 4x,6x,8x)

British Isles’ 87% 10% 3%
(0, 21, 75, 4)
Belgium? 49% 8% 43%
(3, 3, 84, 10)
Germany- 68 % 8% 24%
Switzerland® (0,0,100,-)
Czech Republié 39% 24% 37%
(0,2,93,5)

! Bailey (2006)? Tiébré et al. (2007§ Current study* Mandak et al. (2004).
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REGIONAL VARIATION IN SEXUAL REPRODUCTION

Abstract

Numerous invasive plant species share the abifityegetative reproduction. Nevertheless,
the efficiency of sexual reproduction may be an ongnt determinant of their invasion
success, because recombination can increase geae#iton and create novel genotypes that
are better adapted to new environmental conditigvis.assessed seed production, seed set,
seed germination, flower morphology and pollen Wigbof the invasive clonal species
Fallopia japonica var. japonica, Fallopia sachalinensisand of their hybridFallopia x
bohemicain five European regions and determined the pldalel of their offspring to
potentially infer the pollen donor under naturahdiions. In addition, crossing experiments
were carried out to assess pollen suitability fara- and interspecific sexual reproduction.
Our study revealed a high level of variation in dsg@oduction, flower morphology and
pollen viability of the invasivé-allopia taxa among and within regions in Europe. The ratio
of length of anthers/length of ovary and pollenbility partially explained variation in seed
production ofF. sachalinensi@ndF. x bohemicabut not in the single male-sterile clone of
F. japonicavar. japonica detected in Europe. A gradual variation in seeotpction and
pollen viability was found amon§. sachalinensisand F. x bohemicastands, with some
stands with male flower morphology producing seis having low pollen viability. At the
regional level, high seed production ef japonicavar. japonicawas correlated with high
ratios of length of anthers/length of ovaryFafx bohemicaindicating predominantly male
flowers in hybrid stands, which can serve as pollemor. Seed set in the experimental
crosses depended on the pollen donor and was cabipdo the highest seed set observed in
the field. These results indicate that, beside élownorphology, the local availability of
compatible pollen is a key factor contributing tee tvariation in the seed production of
invasive Fallopia taxa in Europe. The predicted increase in hybbdnaance is therefore

likely to contribute to an increased seed productibinvasiveFallopia taxa in Europe.
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I ntroduction

One of the most intriguing paradoxes in invasiooldgy is that during the invasion
process, exotic species must initially overcome fghgls of isolation before being able to
proliferate in new habitats. The mode and the iefficy of reproduction are therefore
important determinants of the success of invasieatp in their adventive range, directly
influencing the likelihood of establishment and tlaée of spread (Kolar and Lodge 2001).
The capability for vegetative reproduction is aittfeequently observed among the most
successful invasive plants (Baker 1974; Rejmané&b18olar and Lodge 2001). By clonal
propagation, exotic species are less susceptiblesttwhastic extinction during the
establishment phase and can rapidly spread wheodurded into regions with favourable
environmental conditions (Silander 1985). Recomipdmathrough sexual reproduction, on
the other hand, can act as a major force in inmagrocesses by increasing genetic diversity
and generating new genotypes that may be bettgtetito new environments (Levin 2000).
In addition, genetic changes associated with hytatobn may induce rapid evolution of
newly formed species (Abbott et al. 2000; Ainouehal. 2003; Soltis et al. 2004) which may
be more invasive than their parental species (&lst and Schierenbeck 2000). However,
sexual reproduction presents a species with a nth@lienge: finding suitable mates in the
neighbourhood. This presents a particular problem dessile organisms like plants,
especially for obligatory outcrossing species Ig@f-incompatible or dioecious species
(Elam et al. 2007). The combination of vegetatind aexual reproduction may be an ideal
strategy since both reproduction modes have difteaglvantages (Silander 1985; Crawley
1997; Ceplitis 2001). In plants with both reprodoict modes, the contribution of sexual
reproduction to invasion success is likely to iase during the invasion process with
increasing densities of the invasive plants (Datisal. 2004; Bailey et al. 2008). Pollen
availability and compatibility may determine thedé of contribution of sexual reproduction
to the invasion success of invasive species with sudual strategy.

Various taxa of thd-allopia complex are considered to be among the most seriou
exotic weeds in Europe and North America (Beerlgtgal. 1995; Starfinger and Konold
2003; Weber 2003; GISD 2005) and are capable ¢ attosystem properties (Richardson et
al. 2000; Dassonville et al. 2007; Gerber et aD&0In the introduced range, vegetative
propagation is usually considered to be the maidenaf reproduction of exotiEallopia
plants because seedling recruitment in nature hbsrarely been observed (Beerling et al.
1994; Bailey et al. 1995; Child and Wade 2000; Famnand Kesseli 2003). However, for
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plant species with long-lived genets, even isoladgdnts of sexual reproduction can be
sufficient to maintain high genetic diversity (Etend and Roose 1987; Gabrielsen and
Brochmann 1998; Bailey et al. 2008). In North Aroayi interspecific hybridization and
introgression in theFallopia complex is common, indicating that sexual repréidacis
important both for dispersal and for generatingedsity (Forman and Kesseli 2003; Gammon
et al. 2007; Grimsby et al. 2007). Recent evideoic@igh genetic variation and regional
differentiation in the hybrid=. x bohemiasuggests that sexual reproduction also occurs in
Europe (Bailey et al. 2007; Gammon et al. 2007pigéet al. 2007; Krebs et al. chapter 2).
The hybrids seem to grow and spread faster thampdhental species (Bimova et al. 2003)
and are consequently suggested to be more inviswvethe parental species (Mandak et al.
2004; Bailey et al. 2007). Hence, while the clogadwth and capability oFallopia taxa to
regenerate from small plant fragments is a majoiofgpromoting the spread of this complex,
sexual reproduction is likely to contribute to tienetic diversity and invasiveness seen in the
introduced range.

In the case of the invasiveallopia taxa, which are dioecious and self-incompatible
plants, the challenge of finding compatible mates $exual reproduction is particularly
relevant. The octoploid Japanese knotwdedjaponica var. japonica (2n = 88) was
introduced in the 1®century as an ornamental and fodder plant frorteeagd\sia. In Europe
only a single genotype df. japonicavar. japonica (octoploid, 2n = 88) with male-sterile
flowers has been found so far (Bailey et al. 1998tlingsworth et al. 1998; Hollingsworth
2000; Mandak et al. 2005; Tiébré et al. 2007; Krebsl. chapter 2). For this reason, the
restoration of sexual reproduction requires conbppgtipollen from congeneric species.
Fallopia sachalinensigtetraploid, 2n = 44) is also naturalized but l&sgjuent and several
genotypes with male-sterile, male-fertile and heyhmadite flowers have been recorded from
this species in Europe (Mandak et al. 2005; Badiegl. 2007; Tiébré et al. 2007; Krebs et al.
chapter 2). Apart from spreading vegetatively amining pure-bred seeds, sachalinensis
can act as a pollen donor fer japonicavar. japonica(Bailey 1994; Tiébré et al. 2007). The
resulting hybrid, known aB. x bohemica(Chrtek et Chrtkova) J.P. Baileghows partial to
full fertility, occurs with male-sterile, male-fdg and hermaphrodite plants (Bailey et al.
1996) and is reported to be one of the most fregpetien donors for. japonicavar.
japonica (Bailey 1994; Tiébré et al. 2007). Moreover, baokses with parental species are
possible as well as crosses between hybrids (Batley. 2007)Fallopia x bohemicashows a
high genetic variability and varying ploidy levelsjth hexaploid hybrids being the most
common cytotype (Hollingsworth et al. 1998; Hollawgprth 2000; PySek et al. 2003;
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Mandak et al. 2005; Tiébré et al. 2007; Krebs etlapter2). Finally, the climbing species
baldschuanica(diploid, 2n = 20), which has hermaphrodite flosve&nd is planted as an
ornamental, also can serve as pollen donoFfgaponicavar. japonica(Bailey 1988; Tiébré
et al. 2007). A comparison of several studies peréal in different European regions showed
that the variation in the relative frequency ofgrdal and hybrid taxa among regions is large
(Mandak et al. 2004; Bailey and Wisskirchen 200@&pté et al. 2007). Recently, a regional
genetic structure in the hybrid genotypes was destnated in Europe, with different kinds of
admixture between the putative parental gene poslgigesting regional variation in
hybridization patterns (Krebs et al. chapter 2).

In comparison to observations made by Conolly @n1870s (1977), seed production
of F. japonicavar. japonicahas increased in the past 30 years in the UK égaat al. 2008).
This suggests that invasiveallopia stands might experience increased opportunities for
sexual reproduction at least in some regions inopelr To study whether reproductive
success within th&allopia complex varies among different parts of the ingadenge and
among taxa, we assessed the extent of sexual repi@d within theFallopia complex in
Western Europe using a hierarchical sampling desibm assess factors influencing
reproductive success, we measured female and ntalesd traits and germination of
offspring from the parental speciBsjaponicavar. japonicaandF. sachalinensisas well as
of the hybridF. x bohemica In addition, ploidy levels of offspring were aysed to infer the
paternal origin of field collected seeds, and dragexperiments were carried out to assess

pollen compatibility for intra- and interspecifiexaual reproduction.
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Material and methods
Study species

The Fallopia taxa included in this study werle. japonicavar. japonica (Houtt.) Ronse
Decraene (also referred to Belygonum cuspidatumand Reynoutria japonicp Fallopia
sachalinensigF. Schmidt Petrop.) Ronse Decraene, the hybitiden these species, known
asFallopia x bohemicaChrtek et Chrtkova) J.P. Bailey, and the ornamesiimbing species
Fallopia baldschuanicgRegel) Holub (also referred to BsaubertiiL. Henry).

In their native rang€&. japonicavar. japonicaandF. sachalinensisre dioecious but
with hermaphrodite and male-sterile stands (TarE3®6; Bailey 1994). In Europe, the
breeding system of the exofi@llopia taxa is characterized as dioecious and gynodiascio
(male-sterile, male-fertile and hermaphrodite flesygBailey 1994; Beerling et al. 1994) and
in North America it has been observed to be sulmibos with male and female flowers on
separate plants and males plants with few femalgefts, which therefore sometimes set a
few seeds (Forman and Kesseli 2003). The plamigeflan late August to September or even
October (Beerling et al. 1994). The flowers arelipated by bees, hoverflies and other
insects (Beerling et al. 1994). Seed is matureaile IOctober or November and starts

germinating in March (Beerling et al. 1994).

Field sampling

Fallopia taxa were sampled in five regions of Western Eerdpree regions in Germany
(Odenwald, Freiburg and Munich), one in Belgiumeéarbetween Mons, Brussels and
Namur), and one in Switzerland (Ticino; Table 1g.H). In each region, sampling was done
randomly to get a representative overview of thatinee abundance of the different taxa
within the region. The minimum distance betweemdsawas 500 m to maximize the
probability of collecting different clones, consittgy the clonality of the species.

In Octobter 2006, seed set was determined for &&dstoffF. japonicavar. japonicg
22 stands oF. x bohemicaand 6 stands d¥. sachalinensigTable 1). Most of the stands had
previously been characterized based on moleculakersa(RAPDs) and flow cytometry by
Tiébré et al. (2007) and Krebs et al. (chapterri®) additional stands were determined based
on morphological characters. When possible, seedse wcollected for germination
experiments and for flow cytometry to assess tlwdpllevel of seedlings and infer the
putative paternal origin of seeds. The seeds wered in paper bags for two weeks at 4°C

and then kept dry at room temperature.
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Tablel: Number oFallopia stands sampled for analysis of seed producti@déegermination rate
(germ.) and flower morphology (flowers).

Region F. japonica F x bohemica F. sachalinensis

seeds germ. flowersseeds germ.flowers seeds germ.flowers

Belgium 9 9 8 6 6 1 2 1
Odenwald 9 8 6 3 1 4 1 1 2
Freiburg 10 2 3 3 1 3 1 1
Munich 3 4 3 4 1 2 2 2 3
Ticino 6 1 1 6 4 6 0
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Figure 1: Distribution of the sampled regions ahd proportional abundance of the three tkxa

japonica var. japonica (striped), F. sachalinensigwhite) andF. x bohemica(black) within each
region.
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Seed production

In October 2006, the density of shoots was detexchiny counting the number of shoots in
three 1 M plots in each stand and calculating the mean nuwfbghoots per 1 fnln each of
the three plots the total number of seeds was eduior one randomly selected shoot and the
mean number of seeds per shoot was calculatedafr stand. The area covered by each
stand (stand size) was estimated by measuringtigest two axes (length and width).

To estimate fruit set, the total number of flowersd seeds were counted on ten
randomly selected axes (one branch within panipts) stand in October 2006, except in
Belgium, where total number of seeds and numbexet (one branch within panicle) was
counted on three shoots per stand and the totabauwof fully developed flowers on three
axes per stand. On each axis, the ratio of the puwitripe fruits to the number of developed
flowers was calculated. As there is only one oyadeflower, fruit set was equivalent to seed
set. Number of flowers per shoot was calculatediibiding number of seeds per shoot by

seed set.

Germination

In May 2007, germination was determined for alhggwith a sufficient number of seeds
available (> 60 seeds; Table 1). In early May, seedre placed into Petri dishes filled with

moist sand and kept in an incubator at 20°C with68 hour day/night cycle to let them

germinate. For each stand 20 seeds each were plaocetiiree Petri dishes. The number of
germinated and non germinated seeds was recordedcim Petri dish every second day
during six weeks until no further seedlings develbpDuring the experiment seedlings were
removed from the Petri dishes four days after theiergence to prevent mould.

Flower morphology and pollen viability

To determine the sex of flowers and pollen viapililowers were collected in different
stands in different regions in September 2007 @4ab! In each stand at least three axes with
flowers were chosen randomly and put in glass vial§0% ethyl alcohol, sealed with
parafilm and stored until determination. For sbwkrs per stand the length of the ovary and
length of the anthers were measured and the ratiwween length of anthers and ovary was
calculated. This ratio can be used to assess thefdwers. If it is > 0.5, flowers tend to be
male and if < 0.5, to be female. Mature stamensioflowers per stand were crushed in a

drop of Alexander solution (Jahier 1992) on a nscape slide and the pollen examined at X
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200. Pollen was considered viable and potenti&iiilé if it appeared normal in shape and if
the protoplasm was stained in red-violet and thkepowalls in blue (Jahier 1992). The
percentage of viable pollen grains was calculatedh® basis of 100 observations when
sufficient pollen grains were present. In casenstifficient number of pollen grains, the total

number of pollen was checked.

Ploidy level of seedlings

According to the availability of seeds, and to mfiee putative paternal origin of seeds, the
ploidy level was determined for 17 stands (E2 japonica var. japonica and 5F. X
bohemicq These stands were not chosen randomly to covange of stands with different
levels of seed production. In autumn 2007, 50 spedstand were placed into plastic boxes
filled with common garden soil and the seedlingseagrown in a greenhouse. Ploidy level of
seedlings was measured by flow cytometry usingfiteetwo leaves of the young seedlings
as described in Tiébré et al. (2007) and usingstraeF. sachalinensislone (2n = 66) as

internal standard.

Crossing experiments

Cut branches were used for the experiments follgwBailey (personal communication).
Shoots with flower buds oF. japonica var. japonica F. sachalinensisand the hybrid
between these two speciés,x bohemicawere collected in September 2006 in the region
around Munich and the Odenwald region, Germany éhppx A). RAPD analyses and flow
cytometry had previously been used to confirm thféer@nt species, hybrids and their
different RAPD patterns (Krebs et al. chapter 2)o@s of at least 1 cm diameter were used
to make sure that shoots had enough nutrients riaveuduring the experiment. The cut
shoots were put into labelled plastic bottles dillwith water and kept in a laboratory. The
water was changed regularly. All leaves and opewdts were removed, so that just the
flower buds remained on the shoots. The buds werered with polythene bags, which were
perforated slightly for ventilation. There werdesdst five shoots with several flower panicles
from each stand. For the pollinations, flowers wigle anthers (male flowers) were collected
in Petri dishes and dried for an hour. At the eh&eptember 2006, hand pollinations were
carried out by dabbing male flowers with ripe anghen female flowers with a ripe ovary.
This was repeated at least three times with differeale flowers to make sure that pollen

was transferred.
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Five F. japonica var. japonica clones from different sites were used as pollen
acceptors (female flowers; Appendix A). HowevethalighF. japonicavar. japonicawas
collected from different sites, they all representee same genotype. Fbr x bohemica
eight RAPD genotypes and fét. sachalinensisfour RAPD genotypes were included as
pollen acceptors. As pollen donor thrEe sachalinensisand five F. x bohemicaRAPD
genotypes were used. All possible crossings betwesitaxa were carried out at each pollen
acceptor stem using different genotypes of eacbntaas pollen donor. Each taxon was
pollinated with different genotypes of each possitalxon, but not each genotype with each
genotype. Number of stems was recorded and stemes marked to keep track of different
crossings. In addition, some flowers were left pofinated as control and a test for selfing
was set up foF. sachalinensisandF. x bohemicaby using flowers on the same individual
stem as pollen donor and pollen acceptor. Non+patkid flowers that were used as controls
were removed from the stems. The number of po#ihaflowers for each crossing
combination was counted. The stems were kept inwtter bottles until seeds turned brown
and the fruiting perianth had been developed. Tveeks after pollination, the number of
developed seeds was counted for each crossing natidri. Five weeks after pollination,
matured seeds were counted again for each crossmgination, removed, dried and stored
in paper bags for two weeks at 4°C and then inyaatmosphere at room temperature. Five
months later, all seeds obtained from the crossmg® placed on moistened sand in Petri
dishes and kept in an incubator at 20°C with a 1®@r day/night cycle. To avoid fungal
infection the perianth was removed. If there wemeugh seeds for the different crossing
combinations, seeds were distributed between fhetie dishes. The germination experiment
was carried out for five weeks to make sure thhtviable seeds germinated. Germinating
seeds were counted four times during the experimedtagain at the end. The proportion of
seeds germinating was calculated for each crossingpination.

A similar crossing experiment was carried out withbaldschuanican September
2007. Although the hybrid betwedn japonicavar. japonica and F. baldschuanicaF. x
conollyana is not common in naturé;,. baldschuanicacould be an important pollen donor
for F. japonicavar. japonica(Bailey 2007, Tiébré et al. 2007). FlowersFofbaldschuanica
were collected in the Odenwald region of Germanyl arear Bern and Delémont,
Switzerland, kept at 2°C and used as pollen ddraliopia baldschuanicavas pollinated by
three differenf. x bohemicaRAPD phenotypes and by baldschuanicdselfing) and some
flowers were left unpollinated as contrBhllopia sachalinensisould not be used as a pollen

donor because there was no plant material with rflalgers available at that time. The
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resulting seeds were placed into Petri dishes hackexperiment was stopped after 40 days

after no germination had been observed.

Statistical analyses

The effects of plant taxon, region and stand onnimaber of seeds per shoot, number of
flowers per shoot, on germination, and on the rlimgth of anthers/length of ovary were
analysed by ANOVAs with the variation among staaslshe error term for taxon, region and
their interaction. In addition, for number of sequs shoot an ANCOVA was carried out
with shoot density (number of shootéjnand stand size as covariates, also using vamiatio
among stands as the error term for taxon, regiod #heir interaction. To meet the
assumptions of statistical procedures, i.e. honudzstecity and normal distribution of
residuals, number of seeds per shoot and shooitylemsre log, +1, the ratio length of
anthers/length of ovary was lggand germination was arcsin-squareroot transformed.

The effect of plant taxon, region and stand on ssdnumber of seeds/number of
flowers) was analysed by analyses of deviance. difext of plant taxon, region and the
interaction were tested against the variation amstagds. This analysis of seed set was
carried out without the Belgian stands becausenimmber of seeds was assessed in a
different way compared to the other regions.

Pollen viability was analysed in two steps. Fiestalyses of deviance were carried out
to explore the effects of taxon, region and stangollen viability (yes/no). Then, samples
with viable pollen were analysed by ANOVAs. In bahalyses, the effect of plant taxon,
region and the interaction were tested againstdhiation among stands.

An analysis of deviance was used to analyse tleetedf pollen accepto( japonica
var. japonicaandF. x bohemicaand pollen donorH. x bohemicaor F. sachalinensison the
seed set oF. japonicavar. japonicaandF. x bohemica The effect of pollen acceptor was
tested against shoot, pollen donor against theactien pollen acceptor x pollen donor and
the interaction pollen acceptor x pollen donor agiathe interaction pollen donor x shoot.
The percentage of pollination success was calallé@eed set in the crossing experiment
with F. baldschuanicavas analysed using ANOVA with pollen acceptor ahdot as factor.
The effect of pollen acceptor was tested againsvtsh

The relationships between number of seeds per sirmbtshoot density, number of
seeds per shoot and number of flowers per shooegitieof anthers and length of ovary,

number of seeds per shoot and the ratio lengtimtbieas/length of ovary, number of seeds of
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F. japonicavar. japonica, ratio length of anthers/length of ovary Bf x bohemicaand
number of average frost days and number of seadshpet were analysed by regressions.
All analyses were carried out using SPSS 16.0 (SR&SChicago, lllinois, USA).

Results

Seed production

The number of seeds per shoot varied highly siggifily among stands, ranging from 0 to
865.77 seeds per shoot. Among stands the total euailseeds per stand varied from 0 to
70 300 000. Both region and the interaction regidaxon explained a significant amount of
the variation found among stands (TableF3llopia japonicavar. japonicahad the highest
seed number per shoot in Munich and the Odenwagldmeand the lowest in Ticino, whife

x bohemicahad the highest seed number per shoot in Frei@odgTicino and the lowest in
the Odenwald region (Fig. 2A). Shoot density haibaificant effect on the number of seeds
per shoot when used as a covariate (Table 2). Numbseeds per shoot increased with
increasing shoot density (r = 0.22,,9= 10.12, P < 0.01). On the other hand, the starel si
had no significant effect on number of seeds peostvhen used as a covariakg £ = 0.15,

P =0.70).

Table 2: Results of analyses of covariance of tfeeeof taxon, region and stand on number of seeds
per shoot using shoot density as covariate. **& @001 and **, P < 0.01

Source of variation SS df MS F
Shoot density 8.40 1 8.40 25.13
Taxon 4.29 2 2.14 2.01
Region 18.03 4 451 423 **
Taxon x Region 39.82 7 5.69 533
Stand 54.42 51 1.07 3.19
Residual 42.80 128 0.33

Total 167.76 193
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Figure 2: (A) Number of seeds per shoot (log-s¢cdk) number of seeds/number of flowers (per axe)
of the three taxd&. japonicavar. japonicg F. sachalinensiandF. x bohemicgper region. Nd-.
sachalinensistands were sampled in Ticino. Means + 1 SE.

We observed a highly significant effect among stand seed set (Table 3) with seed set
varying between 0 and 0.21 among stands. The tardrithe region and their interaction also
had a significant effect on the seed set (numbeseetls per axe/number of flowers per axe;
Table 3).Fallopia japonicavar.japonicahad the highest seed set in the Odenwald regidn an
the lowest in Ticino.Fallopia x bohemicahad the highest in Freiburg and the lowest in
Ticino (and Belgium, not included in analyseSallopia sachalinensidiad the highest seed

set in Munich and no seed set in Freiburg (Fig. 2B)

Table 3: Deviance analysis for the effect of taxagjon and stand on seed set (humber of seeds per
axe/number of flowers per axe). Belgian data wendueled from the test because of differences in
measurement. ***, P < 0.001; **, P < 0.01 and *, 85

Deviance df Mean Deviance Quasi-F
Taxon 62.47 2 31.24 3.28 *
Region 399.75 3 133.25 13.98 ***
Taxon x Region 241.70 5 48.34 5.07 **
Stand 352.77 37 9.53 6.40 ***
Residual 1581.83 353 1.49

Taxon E2.35 = 2.51, P = 0.10), regiorF{3s = 1.87, P = 0.14) and stanBz{¢3 = 1.45, P =
0.07) had no significant effect on the number ofmtrs per shoot (number of flowers per
axe/seed set). Number of flowers per axe was noeleded with number of seeds per axe at
the stand level, neither when combining Eadlopia taxa (r = 0.264F; 45 = 3.37, P = 0.07),

nor when analysing them separatefy fjaponicavar. japonica r = 0.22,F1,7 = 1.37, P =
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0.25;F. x bohemicar = 0.342F; 1, = 1.59, P = 0.23F. sachalinensisr = 0.59,F;,3=1.08,
P = 0.40). Mean number of seeds per shoot oveomegivas not correlated with average
number of frost days per region (r = 0.5F93=1.52, P = 0.31).

Germination

The stand effect was highly significafb§ s3= 4.95, P < 0.001) and germination rates varied
from O to 0.95 among stands. For seeds fforbaldschuanicano germination was observed.
Germination did not significantly differ among thexa €225 = 2.27, P = 0.12) from which
seeds had been collected. The regiem{ = 6.79, P < 0.001) had a significant effect on the
germination of the seeds. The highest germinatias secorded for seeds from Belgium and
the lowest for seeds from Ticino (Fig. 3).

E= F. japonica
T F. x bohemica
% 1 F .sachalinensis

o
~
1

0.5+

0.3 I

Germinated seeds/
number of seeds set up

Figure 3: Germination of seeds (germinated seeddiru of seeds set up) collected from the three
taxaF. japonicavar. japonica F. x bohemicaandF. sachalinensiper regionData were arcsin-
squareroot-transformed. Numbers indicate numbstasfds, where seeds had been collected.
Means + 1 SE.

Flower morphology and pollen viability

Stand had a significant effect on the ratio lermftnthers/length of ovaryr§s ,6:1 = 10.84, P

< 0.001). Among stands the ratio length of antlhemgth of ovary varied between 0.193 and
1.174. Within stands highest range of variation Wwas 0 to 1.26. TaxonH; 35 = 15.84, P <
0.001) and regionH, 35 = 4.28, P < 0.01) also had a highly significarfeetf on the ratio
length of anthers/length of ovary. The ratio showedy little variation among regions fét.
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japonicavar. japonica,whereas differences were observed among regiaonhdoother two
species (Fig. 4)Fallopia x bohemicashowed the highest ratio length of anthers/lerajth
ovary with values higher than 0.50 in Belgium, Oaald and Munich while lower than 0.50
in Freiburg and Ticino (Fig. 4). Fdf. sachalinensisthe lowest value was observed in
Freiburg and the highest in Munich (Fig. 4). Lengttanthers was negatively correlated with
length of ovary (r = -0.1971 43s= 17.70, P < 0.001). The mean number of seeds et
decreased with increasing mean ratio length ofestlength of ovary when analysirkg
sachalinensiandF. x. bohemicastands jointly (r = -0.34%;3 37 = 5.002, P = 0.03; Fig. 5).
The correlation was also significant for hexapl&idx bohemicastands alone (r = -0.717,
F111=10.61, P = 0.009, Fig. 5), but not fersachalinensistands (r = -0.434,,=0.93, P

= 0.39, Fig. 5). At the regional level, the meamiver of seeds per shoot Bf japonicavar.
japonicaincreased significantly with increasing mean rd#iogth of anthers/length &f. x
bohemicastands (r = 0.903;, 3= 13.32, P = 0.04; Fig. 6).
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Figure 4: Ratio length of anthers/length of ovafyrojaponicavar. japonica F. x bohemicaandF.

sachalinensisn the different regions. NB. sachalinensistands were sampled in Ticino. Means +
1SE.
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Figure 5: Relationship between lengthamithers/lengtlof ovary and number of seeds per shoot (log-
scale). Regression line fér x bohemicas shown.
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Figure 6: Relationship between lengthamithers/lengtlof ovary ofF. x bohemicaand number of
seeds per shoot &t japonica(log-scale). Regression line is shown.

Taxon (Quask; 33 = 20.41, P < 0.001) and region (QuBsks = 6.86, P < 0.001) had
a significant effect on pollen viability. Stands Bf japonicavar. japonica had no viable
pollen (0/117), while foF. x bohemicathe highest number of stands with viable pollers wa
recorded (52/12F. sachalinensis45/60; Fig. 7). FOF. x bohemicahighest pollen viability
was observed in Ticino and the lowest in Freibufgy.( 7). When pollen viability was
analysed excluding samples without viable pollexph €110= 7.17, P < 0.05) and stand
(F1074= 5.61, P < 0.001) had a significant effect. RoNeability among the stands varied
between 0 and 90% and within stands the highegeraras from 0 to 88%. No fertile pollen

was detected on any of the sampkedjaponica var. japonicastands. The ratio length of
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anthers/length of ovary was not correlated withgroviability of F. sachalinensigr = 0.483,
F10=2.74, P = 0.13) and. x bohemicastands (r = 0.414; 10= 3.94, P = 0.06).
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Figure 7: Pollen viability (%) of the three taka japonicavar. japonica F. x bohemicaand F.
sachalinensisper region. Pollen viability in Freiburg was 0%r fall flowers examined. Nd-.
sachalinensistands were sampled in Ticino. Means + 1 SE.

Ploidy level of seedlings

In Belgium, the large majority of seedlings frdm japonicavar. japonica resulted from
crosses with irregular or unreduced pollen of olctidpand hexaploid hybrids (87%). All

other possible combinations also were observedatdoiver frequencies (Table 4).
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Table 4: Ploidy level and putative male parenteg#diings from seeds collected fréimjaponicavar. japonicg andF. x bohemicaFrequency of ploidy levels are
given for the five regions. Crosses betw&efaponicavar. japonicaand unreduced or irregular pollen from the octimpbnd hexaploid-. x bohemicacould not
been discriminated based on flow cytometry, as a®ltrosses where unreduced maternal gametesvahecith and backcrosses of the octoplBidk bohemica
(Tiébré et al., 2007).

Maternal Female gamete Putative male Male gamete Ploidy levels Number of observed seedlings/

parent parent of seedlings total number of lgegsl

BelgiumOdenwaldFreiburgMunich Ticino

F. japonice x=44 F. baldschuanic x=10 2n=54 3/92 11/45 2/13 0/20 0/20
2n =88 x=44 F. sachalinens x=22 =66 3/92 31/45 0/13 0/20 0/20
X=44 F. sachalinens irregular pollen 2n =44 - 66 6/92 3/45 0/13 6/20 17/20
X =44 F. x bohemic  x=33 h=77
68/92 0/45 11/13 10/20 3/20
X=44 F. xbohemic unreduced or irregular pollen nZ 110
X=44 F. x bohemic  unreduced or irregular pollen2n = 110 - 132
12/92  0/45 0/13 4/20 0/20
unreduceck =88 unknown unknown =110 - 132
F. x bohemic x = 33 F.x bohemic  x=33 2n = 66 19/717 O 2/13 o/7 0/9

2n = 66 unreduced =66 unknown unknown = 77-121 52/71 O 11/13 7/7 9/9




REGIONAL VARIATION IN SEXUAL REPRODUCTION

For seeds collected dn x bohemica27% resulted from crosses with putativex bohemica
while the other 73% exhibited high ploidy levelsrfr 2n = 77 to 2n = 121 indicating crossings
between unreduced maternal gametes and unknowmalap®llen or regular crosses with the
octoploid hybrids. In the Odenwald region, the mi&oof seeds fromF. japonica var.
japonicapotentially resulted from crosses witbgular or irregular pollen d¥. sachalinensis
(76%). Crosses with putativie. baldschuanicawere the only other combination observed
(24%). In Freiburg, the large majority of seedlirfgsm F. japonicavar. japonica probably
resulted from crosses with irregular or unreduceliep of octoploid and hexaploid hybrids
(85%) and crosses with. baldschuanicavere the only other combination observed (15%).
For seedlings from seeds collectedrorx bohemican the Freiburg region, 15% resulted from
crosses with putativé. x bohemicawhile the other 85% exhibited high ploidy levéism 2n
=77 to 2n = 121. In Munich, 50% of seedlings pt#dly resulted from crosses with irregular
or unreduced pollen of octoploid and hexaploid dd&r30% from regular crosses wikh
sachalinensisand 20% from unreduced maternal gamete and unknmaternal pollen or
regular crosses with the octoploid hybrid spectseds collected oR. x bohemicain the
region of Munichexhibited very high ploidy levels indicating nordtestion of the maternal
gametes. In Ticino, the main putative pollen donas F. sachalinensisput crosses with
irregular or unreduced. x bohemicawere also possible (15%). For seedlings from seeds
collected onF. x bohemica 100% exhibited very high ploidy levels indicating unreed

gametes.

Crossing experiments

The pollen acceptor=( japonicavar. japonicg F. x bohemicaandF. sachalinensjsand the
pollen donor . x bohemicaandF. sachalinensishad a highly significant effect on seed set
(Table 6). Seed set &f. japonicavar. japonicawas higher than seed set of the hybidx
bohemica independent of pollen donor (Table 5). Howevebrids used as pollen acceptor
were mainly male clones. In the analyses we exdulkde combinatio. sachalinensix F. x
bohemicabecause only one shoot gave sebtsy shoots of. sachalinensislied during the
experimentFallopia sachalinensisvas a better pollen donor than the hyl¥idx bohemica.
No self pollination was observed and unpollinatéowérs had no seed set. Whén
baldschuanicavas used as pollen donor, the pollen acceptor basigmificant effect on seed
set F27=0.37, P = 0.71). When comparing results of the trossing experiments, seed set

on F. japonicavar. japonicawas lower withF. baldschuanicas pollen donor than with. x
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bohemicaandF. sachalinensigTable 5). Seed set dh x bohemicawas higher with pollen

donorF. baldschuanicdhan with pollen dondf. x bohemicaandF. sachalinensi¢Table 5).

Table 5: Means of seed set (%, ratio number seeader of flowers pollinated) for pollen acceptbr (
japonicavar. japonica, F.x bohemica, F. sachalinensandF. baldschuanicaand pollen donorH,
sachalinensis, F. baldschuanieadF. x bohemicawith + SE.

Pollen acceptor Pollen donor Seed set + SE (%) Number of
(%) shoots
F. japonice F. x bohemica 8.37 2.90 17
F. japonice F. sachalinens 31.23 6.91 18
F. x bohemica F. x bohemica 0.40 0.40 22
F. x bohemica F. sachalinens 0.68 0.40 21
F. sachalinens F. x bohemica 2.50 2.50 10
F. sachalinens F. sachalinens 0.00 0.00 8
F. japonice F. baldschuanic 4.69 2.32 6
F. x bohemica F. baldschuanic 14.64 7.84 8
F. sachalinens F. baldschuanic 6.90 4.42 5

Table 6: Results of an analysis of deviance witbgit link and binomial errors of the effect of pei
donor §. x bohemicaor F. sachalinensison the seed set d&. japonica var. japonica and F. X

bohemicapollen acceptor). Pollen acceptor was testedhsot, pollen donor vs. pollen donor x pollen

acceptor and pollen donor x pollen acceptor vdepalonor x shoot. The combinatiénsachalinensis
x F. x bohemicawvas not included in the analyses because it coadawnly one shoot. ***, P < 0.001

Deviance Mean

change Deviance Quasi-F P
Pollen acceptor 347.25 1 347.25 28.58  ***
Shoot 327.95 12.15 37.61 rx*
Pollen donor 149.15 149.15 50.21  ***
Pollen donor x Pollen acceptor 4.43 1 4.43 1.49
Pollen donor x Shoot 77.12 26 2.97 9.19 ¥
Residual 852.24 2635 0.32
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The pollen acceptoi~( japonicavar. japonicaor F. x bohemica Quasif; 31 = 1.83, P = 0.19)
and pollen donorK. sachalinensior F. x bohemica QuasifF; 31 = 1.63, P = 0.21) had no
significant effect on the germination of the seetise interaction pollen acceptor x pollen
donor was also not significant (Qua&sis; = 0.33, P = 0.57). For seeds pollinated fy

baldschuanicano germination was observed.

Discussion

Our study revealed a very high level of variationseed production and other reproductive
traits amongrallopia stands in Europe. Total seed production of staaded from no seed
production at all to some 70 million seeds per étalthile the size of stands did not explain
the variation in reproductive success, we foundsitye correlation between the density of
stems and the number of seeds per shoot, whichtrbglexplained by increased pollinator
attraction. Number of flowers produced per axe jgted not the number of seeds produced
per axe.

The significant effect of stand on the ratio lengthanthers/length of ovary and on
pollen viability of F. sachalinensi@ndF. x bohemicapoints towards different sex of flowers
and different degrees of male fertility among stamdthin taxon, which in turn is likely to
affect variation in seed set (Bailey 1994). A higitio length of anthers/length of ovary
indicates male-fertility, as evidenced by the dasmeg number of seeds with increasing ratio.
The hybridF. x bohemicashowed a strong negative correlation between nuwfseeds and
the ratio length of anthers/length of ovary suggegsthat sex of a stand is a key determinant of
seed production by the hybrid under natural coodi

The results indicate a high proportion of putatmale hybrids among stands Bf x
bohemica.However, hybrid stands with a high mean ratio tengf anthers/length of ovary,
indicating male-fertile flowers, also produced & feeeds, but less than fem&ex bohemica
stands. Within some of these putative nfale& bohemicastands, we observed a high variation
in the ratio length of anthers/length of ovary sating that some flowers are female, which
explains the production of a few seeds. This isstent with observations from the U.S.
where most of the hybrid plants seem to have aisabus system with mainly male
functioning flowers, but also a few female flowéForman and Kesseli 2003; Grimsby et al.
2007). Variation in floral morphology within plamdividuals is also known from other plant
species. Hermaphrodite flowers Muntingia calaburaproduce a wide and continuous range
of floral forms: at one extreme flowers have a éapistil and few stamens and at the other
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extreme there are flowers with a very reduced Ipsstd many stamens (Bawa and Webb
1983).

Variation in the ratio length of anthers/lengthoefary inFallopia is based on variable
sizes of both the male and female flower charastiesi (Vanderhoeven, unpublished results).
Our sampling of flowers is only a snapshot and #oworphology could vary depending on
time of collections and other external factors.l®abbserved that the anther filamentsFon
japonica var. japonica can elongate as a result of treatment with cerbarbicides and
hermaphrodite flowers can have more ovary developn@wards the end of the season
(Bailey, personal communication).

Taking sex of flowers into account there still rémsaunexplained variation in seed
production in invasive~allopia species in Europe. This is most evident=injaponicavar.
japonica where significant variation in seed production Wasnd, despite the fact that all
flowers are female. Seed set Bf japonica var. japonica in crossing experiments was
comparable to the highest seed set observed fersfiecies in the field. This suggests that
there is limitation of pollen either in terms ofaquity or quality. It is worth noting that most
studies considering sexual reproduction inEaopia complex characterized male-fertility vs.
male-sterility of clones on the only approximaterpimlogy of flowers without taking the
pollen viability, a very pertinent character, iraocount (but see Tiébre et al., 2007). In our
study we found high variation in pollen viabilityithin and among stands of putative males of
F. x bohemica In the Ticino region, for example, the mean ragéingth of anthers/length of
ovary of F. x bohemicawas similar to values observed fér japonicavar. japonica,which
would lead to female assignment. However, pollebnity was higher than 80% and flowers
produced a significant amount of pollen (Vanderlemgewnpublished results). Besides, two
distinct regions with similar regional hybridizatipatterns like Odenwald and Freiburg differ
in the pollen viability of their hybrids, which clol also influence the contrasting seed
production we observed. In Freiburg, for exampla)em of F. x bohemicawas not viable,
which might explain the low seed productionfarjaponicavar.japonicaplants in this region.

Experimental crosses performed in the present stadgaled that the seed set was
dependent of the pollen donor involved in crosselicating that pollen suitability differs
among potential pollen donors. A large range oidyltevels was observed among offspring of
the sampledrallopia stands, sometimes with very high ploidy levelsgasging unreduced or
irregular gametes. The results of the ploidy anslysdicate that in the Odenwald and the
Ticino region,F. sachalinensiss a main pollen donor for this species. In catirthe main

pollen donor forF. japonicavar. japonicain the other regions appears tofhex bohemicaln
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the crossing experiment pollination Bf japonicavar. japonicaby F. sachalinensiandF. x
bohemicaresulted in relatively high seed set. Howevererhains to be shown how easily the
paternal ploidy level can be traced back from ploahalysis ofFallopia offspring. For
example, ploidy analysis of offspring, collectednr F. japonica var. japonica stands in
Ticino, suggest that the main pollen donofissachalinensisHowever,F. sachalinensiss
rare in Ticino. Bailey found that chromosome nursbef plants produced from seed bear
absolutely no resemblance to established plants/iggoin the wild (Bailey 2008). The
correlation between seed productiorFofaponicavar. japonicaand flower morphology of.

x bohemicaat the regional level suggests tRkatx bohemicais a more important pollen donor
for F. japonica var. japonica than one would assume based on the ploidy anabfsthe
offspring.

Every trait measured in the study, except numberfl@iers per shoot, showed
significant variation among the regions investigat@dicating that mechanisms operating at
the regional level explained some of the variatmbserved in reproductive traits in the
invasiveFallopia complex. Regional effects may arise from the dgffee relative frequency of
Fallopia taxa involved in hybridization. The different regs we investigated in our study are
characterized by varying proportions of the taxarédver, the variation in flower morphology
and pollen viability as indicator of sex varied argoand within regions indicating that
different distribution and frequencies of male dechaleF. sachalinensi@ndF. x bohemica
stands may also contribute to regional variatiorséed production. In general, density of
pollen donors is known to be correlated with avaiiey of pollen (Davis et al. 2004).
Especially in dioecious plants the distribution dretjuency of male and female plants has an
important influence on seed set (Graff 1999). In study, we found overall more mdte x
bohemicathan female hybrids and mafe sachalinensis For example in the region of
Freiburg, where seed production was low, the lowmeshber and proportion of male hybrids
and no maleF. sachalinensiswere recorded. In this region and in Ticino, wheeed
production ofF. japonicavar. japonica was also low, the ratio length of anthers/length o
ovary ofF. x bohemicahad low values, indicating predominance of putafamale hybrids. In
regions with a high seed production &n japonica var. japonica the ratio length of
anthers/length of ovary &f. x bohemicaalso was high.

Differences in climatic conditions may furthermanduence the fitness of clones. The
plants require a hot dry summer and a frost-frez datumn for high seed production. Frost or
even a cold spell is known to cause extensive ftaidvep (Beerling et al. 1994). Investigated

areas span a large range of climatic conditionsnftbe Belgian atlantic climate to dry
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continental in more eastern regions of Germany sauttmediterranean conditions in Ticino.
Differences in the number of frost days may pabiyresponsible for the differences in traits
we observed among regions. However, no significantelation was found between average
number of frost days and mean number of seedshpet sver the regions, but this may be at
least partly explained by the low power of thislgsis.

Analyses of fithess related traits revealed a §igamt region x taxon interaction,
indicating that the fitness of parental species &mel hybrid varied depending on the
environment. In both the Freiburg and Ticino regiothe hybridF. x bohemicahad higher
seed set and produced more seeds per shoot thgpatbetal species, while in Belgium,
Odenwald and Munich, the opposite trend was obsderiis was also demonstrated for other
species through field experiments. For exampleeglgle & Matthies (2005) focussing on
German hybrid zones between invasiR@rippa austriacaand the nativ&. sylvestrishowed
that the fithess of hybrids relative to that ofithgarental species varied depending on the
environment they were growing in. Such an idiosgticreffect betweerrallopia taxa and
environment should be further experimentally iniggged in common garden experiments.

Differences in pollinator behaviour or compositemmong regions might also contribute
to variation in seed production, considering tRallopia taxa are characterized by a late
flowering period. For example, it has been hypatteekthat the increase in seed production by
F. japonicavar.japonica,witnessed in the UK in the 1990s (Bailey et aD&)Q is the result of
changing patterns of pollinator behaviour. Flowenstant pollinators, which are required
when pollen sources are some distance apart, miggd time to adapt to this new nectar
source (Beerling et al. 1994).

The three taxaF. japonica var. japonica F. sachalinensisand F. x bohemica
significantly differed in their seed set, pollebility and in the ratio length of anthers/length
of ovary. The seed set Bf x bohemicawvas lower than that observed for both parentatispe
which is consistent with results from the crossaxgperiments and other studies Ballopia
taxa (Bailey 1994; Tiébré et al. 2007). The low enaal fitness of. x bohemicacould be due
to the high proportion of male stands observeduinstudy and also reported by Bailey (1994).
Even if maleF. x bohemicaplants do not produce high amounts of viable s#wea hybrids
might be one of the most frequent pollen sourcesFfojaponica var. japonica besideF.
sachalinensig¢Bailey 1999). The high proportion of mdtex bohemicgplants we found in our
sampling might be a major component of the invasivecess ofFallopia by promoting sexual
reproduction which may increase genetic variabdityl lead to adaptation to new and different

environments. If the proportion of hybrid plantdlwicrease with further hybridization events,

72



REGIONAL VARIATION IN SEXUAL REPRODUCTION

the opportunities for sexual reproduction couldeyen enhanced, contributing to an overall
increase in the invasiveness of tedlopia complex. Moreover, it is worth noting that it istn
obligatory for hybrids to display a reproductivevadtage compared to the progenitors for
being successful. In the invasif/allopia complex, highest regeneration ability was observed
for the hybrid compared to the parental speciesn@a et al. 2003). This argument is
sometimes used to justify the current or to prethet future expansion of hybrids in Europe
(Mandak et al. 2004; Bailey et al. 2007). A synstigi combination of clonal growth and
sexual reproduction is besides conceivable. Onarddge of vegetative clonal growth is the
increase in attraction of pollinators by increadkdal display (Harder and Barrett 1996;
Honnay and Jacquemyn 2008), which might explain phbsitive correlation we observed

between the density of stems and the number okge&dshoot.

Conclusion

While vegetative regeneration is considered asntan mode of reproduction of exotic
Fallopia plants, there is growing evidence that sexualagyction contributes to its invasion
process (Krebs et al. chapter 2). Overall we foloigth variation in seed production klallopia
stands, with the majority of seeds being viablee Tdtio length of anthers/length of ovary and
pollen viability partially explained variation ireed production of. sachalinensiandF. x
bohemica However, sex of flowers obviously could not explavariation in the seed
production ofF. japonicavar. japonica since so far only one genotype with female flaver
has been recorded from this species in Europe.alug variation in seed production and
pollen viability was found among. sachalinensis and F. x bohemitands, with some stands
with male flower morphology producing seeds andrgiow pollen viability. At the regional
level, high seed production df. japonica was correlated with high ratios length of
anthers/length of ovary d¥. x bohemicaindicating predominantly male flowers in hybrid
stands serving as pollen donor. These resultsatalithat the local availability of compatible
pollen is a key factor contributing to the variatim the seed production of invasiallopia
taxa in Europe, and that regional variation in sgextiuction is influenced by the distribution
and frequency of male and female plants. The hylrixibohemicashowed no overall fithess
advantage over its parental species in terms ohtineber of flowers per axe and the seed set.
Nevertheless, the predicted increase in abundahe¢keeohybrid F. x bohemicais likely to
further enhance pollen availability and therebynpote sexual reproduction in the invasive
Fallopia complex in Europe. Currently, seedling recruitmemder natural conditions appears

to be rare, but seeds can remain viable over wartdrsuccessfully germinate in spring (Krebs
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et al. chapter 4). A multiple site experiment swgjgehat recruitment and growth of seedlings
will increase under the climate change predictedaime parts of Europe (Krebs et al. chapter
4). It remains to be shown whether the observedtan in seed production correlates with

the current level of seedling recruitment in fadlopia complex across Europe, or whether it
should be considered as a potential for futurel$eseseedling recruitment éfallopia taxa in

the context of climate change
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Appendix A: Taxon, origin (region and number of gdedl stands) and sex of flowers of the plant makeised as pollen acceptor and pollen donor irctbgsing
experiment. Sex of flowers was determined by poliability and flower morphology (ratio length ofthers/length of ovary, ect.).

Pollen acceptory)

Pollen donor )

Taxon Region gt(;.nzlg Sex Taxon Region gt(;.nzlg Sex

F. japonice Odenwald 6 female F. x bohemica Odenwald 3 male

F. x bohemic Odenwald 1 male/hermaphrodite F. x bohemica Munich 2 male

F. x bohemic Odenwald 3 male F. x bohemica Munich 1 male/hermaphrodite
F. x bohemic Munich 2 male/hermaphrodite F. sachalinenis Munich 1 hermaphrodite

F. x bohemic Munich 2 male F. sachalinenis Munich 1 male

F. x bohemic Munich 1 hermaphrodite F. sachalinenis Munich 1 male/hermaphrodite
F. sachalineni Odenwald 1 female

F. sachalineni Munich 1 hermaphrodite

F. sachalineni Munich 1 male

F. sachalineni Munich 1 male/hermaphrodite
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CHAPTER 4

Seedling establishment of invasivallopia taxa

In Europe under different climatic conditions
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SEEDLING ESTABLISHMENT UNDER DIFFERENT CLIMATIC CORITIONS

Abstract

In Europe, invasivd-allopia taxa spread mainly by vegetative means, despadatt that
female plants produce a lot of viable seeds. Wessesl the likelihood of successful seedling
establishment and thus spread by sexual reproducfiexoticFallopia taxa in Europe and
investigated whether the risk of seedling estabiistit might increase under the predicted
climate change. Seeds Béllopia japonicavar. japonica Fallopia sachalinensigand their
hybrid Fallopia x bohemicawere sown in autumn at six different sites from tNern
Germany to Southern Switzerland in a standardizetting soil. We found that a large
amount of seeds of all thrdeallopia taxa remained viable throughout the winter, and
between 25 and 75% germinated in the followingrgpat the different field sites. Most of
the seedlings established successfully and surviwetll the following autumn, but
performance during the first season varied sigaifity among regions and among mother
taxa, with offspring ofF. japonicavar. japonica showing the highest performance. The
lowest seedling emergence and performance weredetat the coldest site and highest
values at the most southern site under climatiditimms that closely match those predicted
for large parts of northern Europe. While thosenfdavhich had high performance during the
first season continued to grow during the secord@® plants with low performance during
the first season did not grow further during theosel season. Our results suggest that under
the predicted climate change, sexual reproductiah saiccessful establishment Fedillopia
seedlings might increase in Europe in the futunerdased levels of sexual reproduction
could further promote the spreathcrease the genetic variability and stimulate the

invasiveness of thEallopia complex.
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I ntroduction

Biological invasions and climate change are twoartgnt components of global change
(Dukes and Mooney 1999; Mack et al. 2000; Mooneg Alobbs 2000). Because of the
considerable potential of biological invasions tlera ecosystems and their processes
(Vitousek 1990), it is important to assess therutihreats posed by invasive species and to
assess if they will become more widespread (Wahsl Hulme 2002). Climate change can
play a fundamental role in the invasion processk@3uand Mooney 1999; Mooney and
Hobbs 2000; Willis and Hulme 2002), and it is thogortant to investigate if climatic
change is likely to increase the success of ineasipecies in their introduced range
(Beerling 1993).

Altered environmental conditions due to climatergg@are likely to favour invasive species
by promoting their establishment, growth, competitiability or reproduction in the
introduced range (Dukes and Mooney 1999; Menzel320thuiller et al. 2007). Exotic
species may particularly profit from climate chanfjéhe new climatic conditions become
more like those the exotic species experiencelddm hative range (Hellmann et al. 2008), or
more generally, if climatic factors currently linmg their spread will become more
favourable. For example, in the invasivienpatiens glandulifera and Heracleum
mantegazzianumpoth germination and growth in height increasedhwincreasing
temperatures in their introduced range in Europdli@\and Hulme 2002). An increase in
temperature due to climate change is therefordyliteefurther promote the spread of these
two species in Europe both along latitudinal aslvesl altitudinal clines. For Europe
increases in temperature, changes in precipitaggimes, milder winters and a lengthening
of the growing season have been predicted (Alcainab. 007). In most regions, especially
at northern latitudes, warming will be more pronoech in winter than in summer and
specifically at northern latitudes the mean anmuactipitation will increase (Alcamo et al.
2007). At the moment the actual climate in the Boaft Switzerland corresponds to that
predicted for large parts of Northern Europe withraver summers, milder winters and
heavier rain fall (Alcamo et al. 2007).

Japanese knotweeHdllopia japonicavar. japonica(Houtt.) Ronse Decraene, also known as
Reynoutria japonicaand Polygonum cuspidatuyngiant knotweed Hallopia sachalinensis
(F. Schmidt Petrop.) Ronse Decraear)l their hybrid=. x bohemica(Chrtek et Chrtkova)
J.P. Bailey form one of the most troublesome inx@aspecies complexes worldwide (Weber
2003; GISD 2005) and are capable of altering edesys (Vitousek 1990). The exotic
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Fallopia taxa, native to eastern Asia, are widespread ist f/aBaropean countries (Beerling et
al. 1994).Fallopia japonicavar. japonica plants Fallopia japonicahereafter) are highly
vulnerable to late spring and early autumn frosts are known to prefer areas with high
precipitation (Beerling et al. 1994). The northeistribution limit of F. japonicain Europe
appears to be controlled by the length of growiegsen and the minimum temperature
(Beerling 1993). Distribution models, calculated the basis of increasing temperature
caused by global climate change, predict an expansf the range of. japonicain
Northern Europe (Beerling 1993; Beerling 1994).

For successful invasion the mode of reproductioransimportant determinant, directly
influencing the likelihood of establishment and tate of spread (Daehler and Strong 1994;
Kolar and Lodge 2001). Vigorous clonal growth, kalso the capability to reproduce
sexually, which generates genetic variation, aeguent attributes of successful invaders
(PySek et al. 2003).

In their native rangd-allopia plants reproduce by sexual propagation and by tagge
regeneration (Tanaka 1966; Maruta 1976). In Euraegetative regeneration is usually
considered as the main mode of reproduction ofieXatllopia plants (Beerling et al. 1994;
Bailey et al. 1995; Child and Wade 2000). Seeddingyival and establishment Ballopia in
nature has relatively rarely been observed (Begrin al. 1994; Bailey et al. 1995;
Hollingsworth et al. 1998; Child and Wade 2000; rran and Kesseli 2003; Tiébré et al.
2007). However, there is growing evidence that akxaproduction also occurs in the
introduced range (Bailey et al. 2007; Tiébré et28l07). In North America, interspecific
hybridization and introgression has been shownet@dimmon occurrences, indicating that
sexual reproduction in thBallopia complex is important for dispersal and especiédiy
generating diversity (Forman and Kesseli 2003; Gamet al. 2007; Grimsby et al. 2007).

In Europe, recent evidence for high genetic vamatand regional differentiation in the
hybrid F. x bohemiasuggests that sexual reproduction also occursunoe (Bailey et al.
2007; Gammon et al. 2007; Tiébré et al. 206a)lopia plants can produce large numbers of
viable seed in the introduced range (Bailey 199derBng et al. 1994; Bram and McNair
2004; Tiébré et al. 2007) with up to several milliseeds within one stand (Krebs et al.
chapter 3), experimental studies show that seadalae to survive the winter (Tiébré et al.
2007) and high germination rates have been reparddr containment (Bailey 1994; Bailey
et al. 1995; Alberternst 1998; Forman and Kesse03}. In the USA, seeds are able to
overwinter and germinate under natural conditidhsrfian and Kesseli 2003). However,

germination has been found to be reduced afteméewcold period in experimental studies
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(Forman and Kesseli 2003; Tiébré et al. 2007) arfths been proposed that seedlings of
Fallopia are sensitive to frost and a cold humid winterging et al. 1994). In the native
range seedling survival and dry weight of seedlingge been reported to be lower in higher
altitudes due to lower temperatures and a shortevigg season (Maruta 1983; Beerling et
al. 1994).

Increases in global temperature, milder winters aneingthening of growing season due to
the predicted climate change might result in inseglagermination rates, as well as higher
establishment and survival dfallopia seedlings. Low seedling establishment in the
introduced range might be due to unsuitable clincataditions in many regions of Europe.
Predicted and observed changes in mean temperaterenost pronounced in winter and
early spring (Sparks and Menzel 2002), which isriest important period for germination
and seedling establishment. With increasing tentperamore frost-free days and extended
growing seasons sexual reproduction and establishofeexotic Fallopia seedlings might
therefore increase. For example, seedlings have tegorted from Eastern Germany after
several years without early frosts (Kosmale 198bgAernst 1998).

In the Fallopia complex sexual reproduction is probably not thestmmportant means of
spread, but it may nevertheless play an importald in the invasion process. Through
frequent sexual events and hybridization new gegrestywith new traits could originate,
which could be better competitors and more sucakssfaders (Stebbins 1969; Arnold and
Hodges 1995; Vila and D Antonio 1998). An increagmhetic variability may facilitate
adaptation to altered environmental conditions ttuelimate change. Even rare events of
sexual reproduction can be sufficient to maintaghlgenetic diversity (Ellstrand and Roose
1987; Gabrielsen and Brochmann 1998).

So far, little is known about the extent of sexugproduction and its contribution to the
spread of thé&-allopia complex in Europe. The aim of this study was teeas the likelihood
of successful seedling establishment and thus ddrgasexual reproduction of the exotic
Fallopia species and their hybrids in Europe. More speadlfic we aimed to (a) assess
whether there is regional variation in the suca#sgermination and seedling establishment
across Europe, and (b) whether climatic conditipreglicted for large parts of Europe under
current climate change scenarios are likely to sodaseedling recruitment in the invasive

Fallopia complex.
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Material and Methods
Study species

Seeds used in this study were collected from thehemotaxaFallopia japonica var.
japonicag F. sachalinensisand the hybrid between these species, knowh. asbohemica

All three taxa are clonal plants with erect sterh%.6 - 4 m height and develop an extensive
woody rhizome system and flower in late summerdSerature in October, November and
start germinating in March (Beerling et al. 1994).

In Europe only a single genotype ef japonicavar. japonicawith male-sterile flowers has
been found so far (Bailey et al. 1995; Hollingswosrt al. 1998; Hollingsworth 2000;
Mandak et al. 2005; Tiébré et al. 2007; Krebs etlahpter 2). This naturalized and widely
distributed species can thus only reproduce veagetat(Hollingsworth 2000).Fallopia
sachalinensiss also naturalized but is found less frequenthjis species may produce male-
sterile, hermaphrodite and male-fertile flowers (idak et al. 2005; Bailey et al. 2007;
Tiébré et al. 2007) and can act as a pollen damdf.fjaponicavar. japonica(Bailey 1994;
Tiébré et al. 2007). The resulting hybrid, x bohemica(Chrtek et Chrtkova) J.P. Bailey
which shows partial to full fertility, may be eithenale-sterile or male-fertile (Bailey et al.
1996) and is also a pollen source for Hadlopia complex (Bailey 1994; Bailey et al. 2007,
Tiébré et al. 2007). The hybrid grows and spreadtef than its parental species (Bimova et
al. 2003) and it has been suggested that it is mneBesive than its parental species (Mandak
et al. 2004).

The experiment

In October 2006, seeds were collected in 15 pouistofF. japonicavar. japonica four of

F. sachalinensigind three of. x bohemicain the regions Munich, Odenwald, Freiburg and
Kiel in Germany, the Ticino area of Switzerland andBelgium (Table 1). Seeds were
collected from populations whose taxonomic statad previously been identified using a
combination of morphological and cytological chaeas as recommended by Tiébré et al.
(2007). A preliminary morphological identificatiomas based on leaf characters including
the presence of trichomes, length and width oflehgees, and the shape of the leaf base and
apex (Beerling et al. 1994; Bailey et al. 1995;I8aiet al. 1996). Plant material from all
populations was studied using molecular markersRB#) and flow cytometry by Tiébré et
al. (2007) and Krebs et al. (chapter 2).
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Table 1: Number of stands &f. japonica var. japonica F. sachalinensisand F. x
bohemicarom which seeds were sampled in different regions

Country Region F.japonica F. sachalinensi$. x bohemica
Belgium 3

Germany Kiel 1

Germany Odenwald 7 1 1
Germany Freiburg 1 1

Germany Minchen 3 2 1
Switzerland Tessin 1

The distance between the selected populations iMasst 500 m to increase the chance of
collecting different clones in each region. Dughis sampling we do not have information
for the next possible pollen donor. However, weeassd the ploidy level of offspring, which
can be used to infer the putative paternal origimatural crosses, for fol. japonicavar.
japonicastands also included in this study and additistehds of. japonicavar. japonica
and F. x bohemicaPloidy level of seedlings was measured by flowometry as described
in Tiébré et al. (2007) and Krebs et al. (chapjeB&cause plants of the sampled populations
of F. x bohemicaproduced mostly male flowers the seed productiok. ok bohemicawas
often very low, which is consistent with result®rr crossing experiments (Krebs et al.
chapter 3). Therefore, we could only include fewpylations ofF. x bohemicain the
experiment. Moreover, populations Bf sachalinensisvere scarce. Seeds were sampled
randomly and stored cool and dry until the stathefexperiment.

At the end of November 2006 seeds were sown inte aosix different sites from Northern
Germany to Southern Switzerland (Table 2). Whea s#imes are used in the tables of
analyses, names of sites are indicated only wigr tirst letter. These sites cover a wide
range of climatic conditions, including a cold sitehigh altitudes (Soubez) and a site with
insubric climate (Cadenazzo). Timsubric area of southern Switzerland is charazterby a
moist, warm, temperate climate. While precipitati®tow in winter, heavy rainfall occurs in
summer (Moretti et al. 2006). All sites are withive range of the distribution of tik@llopia
taxa in Western Europe and population$-allopia exist in the area. The insubric climate in
the south of Switzerland corresponds to that ptedin future for large parts of Germany
with warmer summers, milder winters and heavier fall (Alcamo et al. 2007).
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All the growing sites were open and situated eithrerbotanical gardens or at easily
accessible locations. At each site five replicatés pvith seeds from each of the 22 stands
were set up. Into each pot 40 seeds were sownsdime pots (Plantpak penta 5, 13 x 9.6
cm, 850 ml, Hermann Meyer, Deutschland) and theespotting soil (CMI Pflanzerde, OBI
Merchandise-Center GmbH, Wermelskirchen, Germamgpewsed at each site. The seeds
were covered with c. 1 cm of soil and the pots weaeed into enclosures (2 m x 2 m) filled
c. 30 cm high with saw dust. At the beginning oé texperiment the pots were watered
regularly. During winter the pots were not wateaed from spring until autumn only during
dry periods. When the seedlings started to emermgelluscicide pellets (Neudorff,
Emmerthal, Germany) were used to prevent herbibgrglugs. From March 2007 onwards
seedling emergence was recorded weekly. At theoéiMiy 2007 the number of seedlings,
the height, number of leaves and length and widltihhe largest leaf were recorded for each
plant and the seedlings were thinned to three perAt the end of September 2007 plants
were counted again and the height, number of ledsegth and width of the largest leaf and

the diameter of the stem of each plant were recbrde
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Table 2: Sites werEallopia seeds were sown and seedlings grown and theiatitimharacteristicsClimatic data for Soubez were not available,

instead values for La Chaux-de-Fonds (1018 m)aast for Bellelay (930 m a.s.l.) are given for mé@mperature and precipitation, respectively.
Both towns are also in the Jura mountains at dairititude.

Site Latitude Longitude Altitude Mean annual  Annual precipitation Average number of
(north) (east) (ma.s.l.) temperature (°C) sum (mm) frost days
D-LUneburg 53°13'42.8" 10°24°12.7 17 8.7 715 71
D-Marburg 50°48°02.8" 8°48°25.6 280 8.0 640 69
D-Freiburg 48°00°55.7" 7°48°27.5" 280 10.2 800 6 7
CH-Delémont 47°22°22.9° 7°19°32.3" 415 8.0 960 39
CH-Soubez 47°17°29.5° 7°14°09.4 950 5.8 1360 150

CH-Cadenazzo 46°09°37.0" 8°55'52.0" 211 12.0 0170 99
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In LUneburg, Freiburg and Soubez all plants werevdsied above ground and the root
systems carefully washed free of soil. The plantena was dried for 48 h at 60°C and
weighed. Plants at the other three sites were anteSted to determine the survival of the
plants over winter. In mid May 2008, the surviviplgnts were counted in each pot and at the
beginning of June the height, number of leavegytteand width of the largest leaf, and the
stem diameter were measured for each plant. In 2088, the remaining plants were
harvested and their biomass determined as descabede. For Lineburg, Marburg,
Freiburg and Delémont climate data (temperature pmedipitation) were obtained from
public climate stations (Deutscher Wetterdienst, tdd8chweiz) and additional data
(temperature) was provided for Marburg from “Heslses Landesamt fir Umwelt und
Geologie”, for Luneburg from “Verein Naturschutzkdcineburger Heide”. For Soubez
climate data was provided by J. M. Carnal and fad€hazzo from “Agroscope”.

Statistical analyses

For the analyses means per pot were calculatedaidt measurement. The effect of mother
taxon and site on germination and measures of @ were analysed by ANOVAs.
Mother taxon and site were considered to be fixactolrs, whereas stand of origin was
considered to be a random factor. According torthes for the analysis of mixed models
(Zar 1996), the effect of mother taxon was testgrest the variation among stands, those of
site and the mother taxon by site interaction agiatihe site by stand interaction, and the
remaining terms against the residual. The effectitef was partitioned into the orthogonal
contrasts Soubez vs. other sites (i.e. the cokistys. the remaining) and Cadenazzo vs. the
rest (i.e. the warmest vs. the others). For plantee second growing period only data from
three sites were still available and the effectsié was partitioned into Cadenazzo vs.
Marburg and Delémont. To meet underlying assumptioh statistical procedures, i.e.
homoscedasticity and normal distribution of residuall data were log-transformed, except
for germination data, which were arcsin-squaretomisformed and survival, which were not
transformed. Winter survival from 2007 to 2008 waglied by analyses of deviance.

The relationships between climate data (temperajmecipitation and number of
frost days per year) and germination, and measafrptant performance were analysed by
regression. We used the average temperature frooadauntil April 2007 (average winter
temperature), average annual temperature in 206€ipitation sum from January until April
in 2007 (winter precipitation sum), and annual jiation sum of 2007 (Appendix A). For
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performance of seedlings in autumn the regressas carried out with average temperature
from April until September 2007, (average summaergderature) and precipitation sum from
April until September 2007 (summer precipitatiormsuAppendix A). The relationship
between height of seedlings in 2007 and heighDbB2vas calculated by regression.

For offspring from each mother taxon separatelyriam@e components were
calculated to assess how much of the variatioreight is explained by population of origin.
To test if the morphology of offspring from each thier taxon varied among sites, the ratios
leaf length/leaf width (leaf shape) of seedlingsautumn were computed, log-transformed
and analysed by using one-way ANOVAs. The effectsidé was tested against the

interaction site x population of origin.

Results
Seedling emergence

Seeds of all taxa and from all stands germinatedllasites. Seedling emergence did not
differ among mother taxa, but differed strongly amdhe stands of seed origin (Table 3).
Seedling emergence differed among the sites, betgance also depended on the specific
combination of stand of origin and site (significamteraction between stand of origin and
site in Table 3). The highest seedling emergence maorded in Delémont, followed by
Cadenazzo, and the lowest emergence was foundube8dFig. 1B). Seedlings in Soubez
differed significantly in their emergence from ather sites (contrast S vs. rest in Table 3;
Fig. 1B) and seedlings in Cadenazzo significanttynf Freiburg, Marburg, Delémont and
Lineburg (contrast C vs. F, M, D, L in Table 3;.FigB). Mean seedling emergence in
Cadenazzo varied among stands of origin from Q0L 73, in Delémont from 0.03 to 0.77,
in Luneburg from 0 to 0.66, and in Soubez from 0.@8.

Mean seedling emergence per site was not significarorrelated with average
temperature in 2007 (r = 0.4B; 4 = 0.93, P = 0.39), average winter temperature Qt32,
F14=0.46, P = 0.54), annual precipitation sum in2Q0= -0.09,F; 4 = 0.03, P = 0.87) and
winter precipitation sum (r = -0.3F14 = 0.62, P = 0.48). Number of frost days did not
explain differences among sites in seedling emeén=-0.46F, 4= 1.08, P = 0.36).
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Table 3: Results of analyses of variance of theotfbf mother taxon, stand of origin and
site on seedling emergence (seedlings emergecepdrsown) from seeds Bf japonica
var. japonica F. x bohemicandF. sachalinensisS: Soubez, C: Cadenazzo, F: Freiburg,
M: Marburg, D: Delémont and L: Lineburg. ***, P <001; **, P < 0.01.

Source of variation SS df MS F
Mother taxon 323 2 162 204
Stand of origin 15.08 19 0.79 55.45 ***
Site 8.39 5 1.68 31.11 ***
S vs. other sites 4.60 1 4.60 49.00 ***
Cvs.(F,M, D, L) 0.40 1 0.40 11.89 **
Rest 3.39 3 1.13 80.71 ***
Mother taxon x Site 0.27 10 0.03 0.51
Site x Stand of origin 5.02 93 0.05 3.77 ***
Residual 6.67 466 0.01
Total 38.67 595
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Figure 1. The proportion of seeds producing a segdbr seeds collected froifA. japonicavar.
japonica F. sachalinensigndF. x bohemica (A) Means over the sites for the three taxa,rfi@ans
over the taxa for the six sites. Means + 1 SE. [daglar scale for seedling emergence.

Early seedling establishment

Mother taxon, stand of origin and site had a sigaift effect on height, leaf length and width
of the largest leaf of the seedlings in May 200@k(€ 4). But measures of plant size also

depended on the specific combination of stand ajirorand site (significant interaction
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between stand of origin and site in Table 4). Tdlkes$t seedlings with largest leaves were
seedlings grown from seeds collected frém japonica (Fig. 2A and C). The shortest
seedlings were offspring frofa. x bohemiaFig. 2A and C). Seedlings grown from seeds
collected fromF. sachalinensi®iad larger leaves than seedlings filenx bohemica(Fig. 2A
and C). The shortest seedlings with the smallemtele grew in Soubez, which differed
significantly in their height and leaf length fraseedlings from all other sites (contrast S vs.
other sites in Table 4; Fig. 2B and D). The talke=tdlings with largest leaves were recorded
in Cadenazzo, which differed significantly from glegs in Freiburg, Marburg, Delémont
and Luneburg (contrast C vs. F, M, D, L in Tablé-#. 2B and D).

Table 4: Analyses of variance for the effect of n@wttaxon, stand of origin and site on the
performance of seedlings in May 2007 grown fromdseffom F. japonicavar. japonica F. X
bohemicaandF. sachalinensisFor abbreviation see Table 3. ***, P < 0.001; < 0.01 and *, P

< 0.05.

Height Leaf length

Source of variation df F df F
Mother taxon 2 12.63 *** 2 10.17 **
Stand of origin 21 2.31 ** 21 2.10 **
Site 5 14.60 *** 5 40.29 ***

S vs. other sites 1 36.41 *** 1 179.26 ***

Cvs. (F, M, D, L) 1 11.74 ** 1 34.15 ***

Rest 3 7.74 *** 3 19.71 ***
Mother taxon x Site 10 1.21 10 1.71
Site x Stand of origin 96 1.63 ** 96 132 *
Residual 437 436
Total 571 570

93



SEEDLING ESTABLISHMENT UNDER DIFFERENT CLIMATIC CORITIONS

N
?

H
Q

20

Height (mm)

N
1

H
L S L

[y

D
104 201
—
1S
S 101 —
— 5 —
- —
6 54 —
c E—
@ —
3 =
- 2 ]
1 1-
X
&L & E
QS\ Q‘Q’\ @'b»\ Q}‘QJ& (\QJ %00
0'06 Q >

Figure 2: Height (log-scale) of offspring frof japonicavar. japonica F. x bohemicaand F.
sachalinensisn May 2007. (A) Means over sites for the threeatg(B) means over taxa for the six
sites. Leaf length (log-scale) of offspring frdfm japonicavar. japonica F. x bohemicaand F.
sachalinensisn May 2007. (C) Means over sites for the thre@tdD) means over taxa for the six
sites. Means + 1 SE

The mean height of the seedlings varied in Cadenarzong stands of seed origin
from 7.2 to 32.4 mm, in LUneburg from 2.9 to 22.6hrand in Soubez from 3.8 to 11.2 mm.
Leaf length and width were highly correlated witkcle other (r = 0.9%1 570= 34257, P <
0.001). The mean height of the seedlings at awgés not significantly correlated with
average temperature in 2007 (r = 0.634 = 2.63, P = 0.18), average winter temperature (r =
0.42,F; 4= 0.86, P = 0.41), annual precipitation sum in22Q0= -0.11F; 4= 0.05, P = 0.84)
and winter precipitation sum (r = -0.28; 4, = 0.25, P = 0.65). Height of seedlings was not
correlated with number of frost days (r =-0.61,=1.38, P = 0.31).

For offspring from each mother taxon it was tedtesv much of the variation was
explained by site and stand of origin. Witlinjaponica24.5% of the variance in height of
seedlings was due to site, 3.8% to stand of oagih 5.7% to the interaction site x stand of
origin. Site Fse7 = 18.64, P < 0.001) and stand of origfyAz12 = 2.50, P < 0.01) were
significant, but not the interaction between sité atand of originKe7312= 1.33, P = 0.06).
Within F. x bohemical9.7% of the variance in height of seedlings was tb site, 0% to

stand of origin and 14.2% to the interaction sitstand of origin. The effect of sit€17 =
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2.99, P < 0.05) and the interaction site x standrmdin (Fi76 = 2.02, P < 0.05) were
significant, but not stand of origifr{s; = 0.42, P = 0.84).

Within F. sachalinensiyariance in height of seedlings was not explaimgdite and
stand of origin. 2.3% of the variance was due @ itfteraction site x stand of origin. Site
(Fs10=0.81, P = 0.57), stand of origiRs(s4 = 1.02, P = 0.46) and the interactidfiss =
1.25, P = 0.28) were not significant.

Establishment at the end of the first growing perio

The mother taxon had a significant effect on heitg#f length and number of leaves, of the
plants in October 2007 (Table 5). The tallest @amth the highest number of leaves (5.43 +
0.7) and largest leaves (23.35 cm + 1.39) develdmed seeds collected frof. japonica,
the second largest were those whithsachalinensigleaf length: 19.57 cm % 3.23) as the
mother plant and the shortest with smallest led¥626 cm + 2.19) developed from seeds
collected fromF. x bohemicaFig. 3A). Offspring fronF. sachalinensifiad a lower number
of leaves (2.08 + 0.28) thdn x bohemica3.49 + 0.62).

Stand of origin and site had a significant effectatl measured traits (Table 5). The
shortest plants with smallest leaves (4.74 mm #)O0were recorded from Soubez (Fig. 3B).
Plants in Soubez differed significantly from plaatsall other sites (contrast S vs. other sites
in Table 5). The tallest plants with the largestvies were recorded for Cadenazzo (54.64
mm + 3.74; Freiburg: 5.84 mm + 0.56, Marburg: 37tArh + 2.96, Delémont: 5.82 mm +
0.48, Luneburg: 21.55 mm £ 0.86; Fig. 3B). Thesafd differed significantly from plants in
Freiburg, Marburg, Delémont and Lineburg (cont@sts. F, M, D, L in Table 5). Mean
height of the plants varied among stands of segghdn Cadenazzo from 42.7 to 213.8 mm,
in Marburg from 7.8 to 114.8 mm and in Soubez fr8 to 22.4 mm. Plants from
Cadenazzo had the highest number of leaves (16347, plants growing in Delémont the
lowest number (0.76 + 0.08, Freiburg: 1.51 £ 0M&yburg: 5.84 + 0.36, Luneburg: 3.01 £
0.12, Soubez: 1.81 £+ 0.13). The interaction sitgand of origin was significant for number
of leaves and leaf length (Table 5). For leaf lantyie interaction between site and mother
taxon was also significant (Table 5). Height waghhi correlated with leaf length and width,
number of leaves and diameter (r = 0.Bd;40= 218.11, P < 0.001), diameter with height (r
= 0.54,F; 515= 208.88, P < 0.001), leaf length with width (r 8D, F; 518= 9326, P < 0.001),
width with height (r = 0.85F; 518 = 1316, P< 0.001). The above-ground biomass of the
plants in Lineburg, Freiburg and Soubez differgghificantly among the sites {35 =
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201.73, P < 0.001). The mother taxon had no sicaniti effect on the biomass,(19= 3.40, P
= 0.06). The plants in Lineburg had the highesiiaiss (8.8 mg + 0.66) and the plants in
Soubez the lowest (0.997 mg = 0.38; Freiburg: 112g6t 0.21).

Table 5: Analyses of variance for the effect of nesttaxon, stand of origin and site on height,
leaf length and number of leaves of plants grovamfiseeds collected frof. japonicavar.
japonica F. x bohemicandF. sachalinensit at the end of the first growing seaso®ctober
2007. For abbreviation see Table 3. ***, P < 0.061P < 0.01 and *, P < 0.05.

Height Leaf length No. of leaves
Source of variation df F F F
Mother taxon 2 20.27 *** 8.72 ** 8.85 **
Stand of origin 19 2.06 ** 3.95 #*** 3.05 ***
Site 5 80.75 *** 134.63 *** 454 47 ***
S vs. other sites 1139.38 *** 117.98 *** 35.89 ***
Cvs. (M,F, D, L) 1 75.05 *** 402.99 *** 83.65 ***
Rest 3 52.39 *** 190.38 *** 130.19 ***
Mother taxon x Site 10 1.45 246 * 1.19 **
Site x Stand of
o 91 1.16 1.71 *** 1.45
origin
Residual 392
Total 519
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Figure 3: Height of plants (log-scale) grown froeeds collected frorR. japonicavar. japonica F. X
bohemicaandF. sachalinensisat the end of the first growing season in Octdk@d7. (A) Means
over sites for the three taxa, (B) means over taxthe six sites. Means + 1 SE.
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The mean height of plants was most closely coedlatith average temperature at the sites
in 2007 (r = 0.60F; 4 = 2.30, P = 0.20), but due to low statistical potns relationship was
not significant. The correlations with other clincatariables were lower: with average
winter temperature (r = 0.35;3 4 = 0.54, P = 0.51), with average summer tempergture
0.54,F14=1.67, P = 0.27), with annual precipitation sum2007 (r = -0.18F14=0.14, P =
0.73), with winter precipitation sum in 2007 (r 8.11,F;4 = 0.04, P = 0.84) and with
summer precipitation sum (r = 0.06;4 = 0.01, P = 0.92). Height of plants was not
correlated with number of frost days (r = -0.B9,=1.24, P = 0.33).

The site at which the plants were grown influenttesl morphology of thé&allopia
plants. The ratio leaf length/leaf width (leaf seppf offspring fromF. japonicaandF. x
bohemicadiffered significantly among the sites (Table B)r plants, which originated from
F. japonica,the effect of stand of origin and the interact®te x stand of origin was also
significant (Table 6). For seedlings frdm japonicathe ratio varied among stands of origin
from 1.2 to 1.5. In Cadenazzo leaf shape varieoh fio07 to 2.35, in Marburg from 1.34 to
2.4, Luneburg from 1.32 to 1.65, in Freiburg fro@7.to 1.44, in Delémont from 1.08 to
1.44 and in Soubez from 1.05 to 1.37.

For offspring from each mother taxon it was tedtesv much of the variation was
explained by the population of origin. Within japonica53.9% of the variance was due to
site, withinF. x bohemicab9.7%, and withirf. sachalinensigl0.3%.

Table 6: Results of analyses of variance of theoefof site and stand of origin on the ratio leaf
length/leaf width (leaf shape) for offspring &t japonicavar. japonicg F. x bohemicaand F.
sachalinensisn October 2007. ***, P < 0.001 and **, P < 0.01.

F. japonica F. x bohemica F. sachalinensis
df F df F df F
Site 5 16.54 *** 5 5.08 * 5 3.02
Stand of origin 14 255 ** 3 0.83 2 2.28
Site x Stand of origin 67 1.60 ** 14 1.15 9 0.15
Residual 280 47 46
Total 366 69 62
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Winter survival

Average winter survival for thd-allopia taxa ranged from 51 - 75%, and was not
significantly affected by the mother taxon (QuBsis = 0.18, P = 0.84), the site (Qu&Si1s
= 0.06, P = 0.95) nor by the interaction betweamtl{Quasi4 ;3= 0.15, P = 0.96; analysis

of deviance).

Growth in the second growing period

In 2008 only plants at Marburg, Delémont and Cadeoavere still available. In June 2008
the height, number of leaves, leaf length, and eb@nd below-ground biomass did not
differ between offspring of the thrdellopia taxa, but differed between the populations of
origin and between the three sites (Table 7). Eaf length the interaction mother taxon x
site was significant and for the above- and beloaugd biomass the interaction site x
population of origin (Table 7).

Highest means for all variables were recorded irdeBazzo, where plants differed
significantly from plants in Marburg and Delémoabijtrast C vs. other sites in Table 8; Fig.
4). The lowest means were recorded in Delémont @igHeight was strongly correlated
with diameter (r = 0.89F1 202, = 806.42, P< 0.001), height with leaf width (r 99, F1 204=
1983, P< 0.001), and leaf length with width (r 89 F1 203 = 6459, P< 0.001). The height of
seedlings in October 2007 was a good predicatadhefheight of plants in June 2008 (r =
0.78,F159=88.76, P < 0.001).

1000+ A 10+ B
IF. japonica
,E\ N @ l F. x bohemica
©O 100+ o @ F. sachalinensis
N
< @
§=) E
[} o
T 107 m 2 §
) [INm sl oo
Cadenazzo Marburg Delémont Cadenazzo Marburg Delémont

Figure 4: (A) Height (log-scale) and (B) above-grdubiomass (log-scale) of plants grown from
seeds collected froifA. japonicavar. japonica, F. sachalinensendF. x bohemicaat the three sites
Marburg, Delémont and Cadenazzo in the second goppériod in June 2008. Means + 1 SE.
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Table 7: Analyses of variance for the effect of nesttaxon and site on height, leaf length, leaftividiameter, above- and below-ground biomass fspafg from
F. japonicavar. japonica F. x bohemicandF. sachalinensig the second growing periad June 2008. C: Cadenazzo. ***, P < 0.001; **, P.81 and *, P < 0.05.

Height Leaf length No. of leaves Above-ground béss Below-ground
biomass
Source of variation df F df F df F df F df F
Mother taxon 2 0.42 2 0.23 2 0.45 2 1.00 2 1.07
Stand of origin 20 2.83 *** 20 5.92 *** 20 2.04 ** 20 3.67 *** 20 3.31 ***
Site 2 27240 *** 2 1223.53 *** 2 46.69 *** 2 21.69 *** 2 37.01 ***
C vs. other sites 1 66.10 *** 1 187.53 *** 1 40.91 *** 1 20.99 *** 1 35.64 ***
Rest 1 506.03 *** 1 1293.53 *** 38.58 *** 1 3.95 * 11.11 **
Mother taxon x Site 4 1.08 4 429 ** 4 1.49 4 1.10 4 0.83
Site x Pop. of origin 33 1.37 33 0.79 36 1.22 . 37 271 *** 37 2.09 **
Residual 142 139 144 217 218
Total 203 200 208 282 283
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Discussion

In our study seeds of the invasivallopia specied-. japonica F. sachalinensigind of their
hybrid F. x bohemicasuccessfully survived the winter outdoors and geated in the
following spring. Seedlings grown from collecteckds from all three taxa established at all
sites in spring and during the first vegetationigeband a high percentage of plants survived
the first winter. These results demonstrate thattiexallopia plants have the ability to
reproduce sexually in addition to the vegetatiy@aduction in the introduced range. This is
also supported by other studies, which have repg@teigh production of viable seed (Bailey
1994; Beerling et al. 1994; Bram and McNair 2004bfé et al. 2007), seed capacity to
overwinter and germinate outdoors in the introdueedje (Forman and Kesseli 2003; Tiébré
et al. 2007) and high germination rates (Bailey4t%ailey et al. 1995; Alberternst 1998;
Forman and Kesseli 2003; Tiebré et al. 2007). Aéyast (1998) found at least one seedling
in the Black Forest which survived the winter.

As far as we know, this is the first study in Ewppvhich investigates seedling
recruitment outdoors under natural conditions awvdonger period. Our study shows that
seedlings can survive more than one vegetatiorogheHowever, our results also indicate
that seedlings need a critical size to grow ancelbgpvbeyond seedling stage. Offspring in
Delémont was still alive in the second growing péyibut most of the plants were small and
had stopped growing. The decrease in height oftplemDelémont in the second growing
period in comparison to the first year of growthggests that these plants would have not
survived a third vegetation period. In contraseddegs in Cadenazzo, which performed well
in the first growing season, showed also a higheia®e in height and biomass in the second
growing period. Since at all sites soil in the patss prevented to dry out completely by
additional watering, the low performance at sontessican not be caused by drought.
Performance in the first year seems to determireeddlings survive and establish, while
winter survival appears to be less important. Dgitime first growing season only seedlings,
which may reach a critical size can develop, wisdgdlings too small in size become
stunted. Even if seeds are able to survive Europaater and germinate and seedlings
establish during the first vegetation period, mosthe plants could be still too small to
survive more than one winter. From the native rasegalling size is known to be critical for
establishment and it has been reported that sgsdimust grow beyond a critical size, to
form perennating-buds, for full freezing resistaraoed winter survival capacity (Maruta
1983; Maruta 1994).
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Offspring from all threeFallopia taxa showed the ability to germinate and establish
However, mother taxon had a significant effect eediing growth, with seedlings from
seeds collected fron¥. japonica showing the highest performance. Highest seedling
emergence also was recorded for seeds collectenl Frojaponicavar. japonica In the
second growing period there was still the tendesfey higher performance of offspring from
F. japonicavar. japonicain comparison to the other taxa, but the effeanother taxon was
not signficant. While offspring fronf. sachalinensisand F. x bohemicashowed similar
performance in the first growing period, offspriingm the hybridF. x bohemicavas smaller
and had a lower biomass than that frensachalinensisn the second growing period. The
higher performance of offspring frof japonica,has also been found in other experiments
with seeds collected in the field and from crossrgeriments (Krebs unpublished).

Due to the fact that only one male-sterile genotypE. japonicaoccurs in Europe,
offspring of exoticFallopia plants mainly originate from hybridization amorng Fallopia
taxa. For example, one of the rare observationestdblished seedlings was in the Black
Forest in Germany, and all of these seedlings lead dentified as hybrid plants betwden
japonica and F. sachalinensigAlberternst 1998). All seeds produced By japonicaare
hybrids. Due to the infrequent distribution Bf sachalinensigTiebre 2007, Krebs et al.
chapter 2)the majority of seeds fronf. sachalinensismight also originate from
hybridization. As pollen donor within thigallopia complex servd-. sachalinensisand the
Russian wind-. baldschuanicdRegel) Holub (also referred to RsaubertiiL. Henry) and
moreover, backcrosses of the hybrid with the palespecies and crosses between the
hybrids are also possible (Bailey et al. 2007).réfaee, performance of offspring frof
japonica,F. sachalinensi@ndF. x bohemicanay significantly depend on the compatibility
of pollen from othefFallopia taxa. Assessment of ploidy levelskallopia seedlings suggest
that in F. japonicastandsF. sachalinensisappears to be the main pollen donor with low
contribution of pollen of. baldschuanicawhile offspring fromF. x bohemicg&eems mainly
result from crosses witk. baldschuanicaResults from crossing experiments showed, that
offspring of F. japonicafrom crosses with-. sachalinensiperformed better than offspring
from crosses with pollen dondt. x bohemica(Krebs et al. chapter 3). However, in the
crossing experiments performance of offspring filemaponicawas in general higher than
that of offspring fromF. sachalinensi@ndF. x bohemica,ndicating that the taxon of the
mother plant has a stronger impact on fitness efatispring than the taxon of the pollen

donor.
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Because most of the offspring within eaéfallopia taxon may result from
hybridization with several othdfallopia taxa whereas possible pollen donors are the same
for each taxon, the significant differences in therformance of offspring of the three
Fallopia taxa seem to be largely determined by the idenfithe mother plant. This effect of
the maternal parent on fitness of offspring has &lsen found for hybrids in other plant
species (Campbell and Waser 2001; Burgess and Hdsh@04; Kimball et al. 2008). In
most flowering plants cytoplasmic genes, which hthes potential to influence fitness, are
maternally inherited (Kimball et al. 2008).

Seedling performance differed not only among offgprof different mother taxa,
there was also a high variation among offspringnfrdifferent stands of seed origin. The
significant effect of stand of origin on seedlinghergence and performance, even if
corrected for the effect of mother taxon, indicatest pollen sources differ within mother
taxon. Especially for seeds collected frémjaponicathe variation among stands of origin
was very high while in separate analyses for eaothen taxon, stand of origin was only
significant for F. japonica While high variation in offspring of the genet@riable F.
sachalinensisand the hybridF. x bohemicawith its high genetic variation and different
hybrid stages (F1, F2, backcrosses) would be rprising, it is striking that offspring from
the genetically uniform mother plaft japonica(Bailey et al. 1995; Hollingsworth et al.
1998; Hollingsworth 2000; Mandak et al. 2005; T&kt al. 2007) reveals this high variation
among offspring from different stands of origin.€Be results suggest that pollen sources
may differ among stands, leading to the variatioperformance of offspring from different
F. japonica stands. In our study most of the plants were &bl small to identifiy the
paternal taxon on morphological characters. Howerembers of chromosomes available
for seedlings (see Krebs et al. chapter 3) andrebdedifferences in morphology among
offspring from one mother taxon in another expentmeith seeds of some of the stands also
used in this study (Krebs unpublished), indicatewad| different pollen donors. The
distribution of male~. sachalinensigndF. x bohemicawhich serve as pollen donor, differ
among regions and even locally (Krebs et al. clrag)e which may lead to different
hybridization patterns and different hybrid offsi

Seedling emergence and performance differed sagmfly among sites with different
climatic conditions. Statistical power was low dwwethe small number of sites, however,
there was at least a trend of increased growth gher temperatures and lower number of
frost days. The lowest seedling emergence and lopaxformance was recorded in Soubez,
the coldest site at the highest elevation, wheeellsggy emergence and performance differed
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significantly from all other sites. Highest seedliperformance and a high germination
success were observed in Cadenazzo, the most sositeewith highest temperature for the
winter period and highest average temperature @Y 28eedling emergence and performance
at this site differed significantly from Freiburgarburg, Delémont and Lineburg, sites with
higher temperature than Soubez. In Europe, thisispseemsto occupy broadly the same
climatic range as in its native range in Southéasa (Beerling et al. 1995) and the results
indicate that the climate in Europe provides slgatonditions for seedling establishment.
The region around Freiburg, where seedlings haee beund (Alberternst 1998), was in our
study not particular suitable in comparison to dteer sites. This indicates that seedling
establishment could also occur in other region&kumope. In our study a more suitable
climate can be found in Southern Switzerland (Ganfacino) where our study site
Cadenazzo is located and where seedlings showéédtigerformance. One reason why so
far no seedlings have been observed in the fielthis region, might be due to a lack of
compatible mates (Krebs et al. chapter 3), siaceachalinensiseems to be absent in this
region so far (Krebs et al. chapter 2; Moretti,so@al communication). The results of our
study suggest that the importance of sexual remptamiuand the additional spread by seed of
the exoticFallopia taxa could increase with global warming and milderters due to higher
germination and survival rates. However, furthgresknents are required to study this, since
the power in our study was low.

Temperature, especially in late winter and earlyngp is known to be important for
seedling recruitment for many plant species (Dzweoakd Gawronski 2002; Sparks and
Menzel 2002; Walther 2003) and has been found trohne the germination and
performance of other invasive plant species in ititeoduced range. For example, for
invasiveHeracleum mantegazzianymants temperature was positively correlated witgan
germination rate and plant height of invasitmpatiens glanduliferaand Heracleum
mantegazzianunmcreased with increasing temperature (Willis &hudime 2002).

For Europe a warming between 1 and 5.5°C has beelicted (Alcamo et al. 2007).
The actual climate in the South of Switzerland esponds to that predicted for large parts of
Germany with warmer summers, milder winters andvieeaain fall (Alcamo et al. 2007).
Cadenazzo, located in the South of Switzerlandthadnost southern site in our study, is on
average 2°C warmer than Luneburg, the most noritggrand Soubez on 1000 m elevation.
The higher seedling emergence and performance faundadenazzo in comparison to
seedlings at the colder sites indicate that segdénruitment could be enhanced with further
increasing temperature and lengthening of freeze-preriods. Milder winters for example
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could not only increase germination and survivaésaof seedlings of the exotiallopia
complex, but would also mean longer growing seastimst could lead to higher seed
production and seed quality (Hellmann et al. 2008).

Even if precipitation has been reported to be tessected with seedling recruitment
than temperature (Dzwonko and Gawronski 2002),triiwed of higher seedling emergence
and performance with lower precipitation sum intesathat precipitation also influence the
germination success and seedling performance dfcelkallopia. High precipitation during
winter could for example lead to high soil moistunenich can have a negative effect on
survival and germination dfallopia seeds due to fungal infestation of seeds (Baitegl.e
1995; Bailey 2001; Bailey 2003; Tiébré et al. 200M)gh soil moisture in winter was
observed in Soubez and Freiburg, where low seedimgrgence was recorded. However,
the set up of our study makes it difficult to dissuthe influence of differences in
precipitation on seedling establishment, at least dlder seedlings, due to additional
watering in dry periods during the vegetation perio

Even if in the exotid-allopia complex sexual reproduction is not the main moide o
reproduction so far, the balance between vegetaiiek sexual reproduction, which affects
the genetic diversity and the long-term survivaplaint populations (Callaghan and Jonasson
1995), could shift towards more sexual reproductioan observed today in response to
climate warming (Aerts et al. 2006).

Beside climatic factors like a negative effect ofdchumid winter, the low seedling
establishment observed in the field in the intrelicange could be also due to other factors,
for example to unsuitable soil conditions (Bailéyak 1995), resource limitation (Forman &
Kesseli 2003), or a lack of suitable habitats (Ryeed Prach 1993). Strong competition of
seedlings for example underneath well establiskatlopia stands might be another
important factor (Forman and Kesseli 2003) and Rorm& Kesseli (2003) suggest that
seedling establishment has just not been detentéaei field because of searching only in
Fallopia infested areas where competition is too high. Beedhe majority of seeds fell near
the maternal clone (Tiébré et al. 2007) only a f®eds might be able to reach suitable
microsites for germination. Establishment is restd to open, bare ground (Beerling 1993)
due to the high shade-intolerance of ex&t@tlopia plants (Beerling et al. 1994; Forman and
Kesseli 2003).

Limited availability of pollen, for example resulg from low densities of pollen
donors and skewed sex ratios (Burke and Arnold 2@Hvis et al. 2004; Taylor and
Hastings 2005; Elam et al. 2007) can also leadenuced seed production and thus
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recruitment (Beerling 1993; Bailey et al. 1995),imha confined to species with animal
pollinators (Lamont et al. 1993). Finding compatibbhates is especially challenging for
obligatory outcrossing plant species, such as thioaeare self-incompatible or dioecious
(Elam et al. 2007) like plants of the exoEallopia complex (Bailey 1994; Beerling et al.
1994). We found for example in regions where exBtitopia plants had a high seed set and
hybrids a high genetic variability, higher denstief maleF. sachalinensiand maleF. x

bohemicaplants than in regions with low seed set (Krebal.athapter 2 and 3).

Conclusion

High seed set, high germination rates, winter satvicapacity of seedlings and the
occurrence of many different genotypes of the tiyBri x bohemicaprovide evidence that
sexual reproduction and successful seedling estabént of the invasiv&allopia taxa
occur in the introduced range. By the establishnoémtew hybrid plants, which can act as
pollen donors and replace the missing nfkal@ponicaplants in Europe, sexual reproduction
might be promoted and increases genotypic variatiohe invasiveFallopia complex
(Hollingsworth 2000; Tiebré et al. 2007). By thégor of novel genotypes, which may have
an increased adaptation potential in the introdweede (Stebbins 1969; Arnold and Hodges
1995; Ellstrand and Schierenbeck 2000; Rieseberg.e€2007), sexual reproduction may
enhance the invasion success of Hadlopia complex in Europe. Only a small nhumber of
established seedlings per year can already beciguifito increase the genetic diversity
(Ellstrand and Roose 1987). Moreover, the hybridr.ofaponicaand F. sachalinensis, Fx
bohemicahas a higher regeneration potential (Bimova e2@0.3), which could additionally
enhance the spread also by vegetative reprodudfiiiin an increase in the proportion of
hybrids, from which male-fertile plants are repdrte be more frequent than male-sterile
(Bailey 1994; Beerling et al. 1994), the density pufllen sources necessary for sexual
reproduction would also increase leading to inadagpportunities for sexual reproduction.
The importance of sexual reproduction and the ofsguccessful seedling recruitment
could increase with further increasing temperaturagder winters and lengthening of
growing season predicted for the climate changeEumope. Results of this study and
observations of a remarkable increase in fruibsdtallopia plants in the UK during the last
30 years (Bailey et al. 2008), where the rate afiag has been greater than at any other
time during the past 1000 years (Houghton et @120support this notion. Increased sexual
reproduction, mainly by hybridization, may give thessibility of enhanced invasiveness of
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exotic Fallopia plants and additional dispersal by seed couldesme the spread. With an
increasing density of malE. x bohemicaplants the opportunity for sexual reproduction
could be even further enhanced.

For the development of control and managementegfieg against invasivéallopia
plants in Europe the importance of sexual repradaocshould not be underestimated
particularly in the face of global warming (Formeamd Kesseli 2003; Tiébré et al. 2007)
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Appendix A: Temperature (temp.) and precipitatipre€ip.) at the growing sites in 2007, sorted
by temperature.

Site Average  Precip. sum Winter Winter ~ Summer Summer
Temp. 2007 2007 temp. precip. temp. precip.
(C°) (mm) (C°) (mm) (C°) (mm)
CH-Cadenazzo 12.3 1244.7 8.57 162.2 18.30 962.6
D-Freiburg 11.13 837.1 8.20 187.9 16.42 531.5
D-Marburg 10.48 798.8 7.45 384.1 15.72 487.2
CH-Delémont 10.37 1118.9 7.28 227.4 15.79 724.2
D-Lineburg 10.03 869.9 6.63 244.2 14.71 465.8
D-Soubez 9.93 1360 7.06 286.0 15.19 862
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HERBIVORE RESISTANCE

Abstract

Hybridization has been proposed as a mechanismhimhvexotic plants can increase
their invasiveness. By generating novel recombmarttybridisation may result in
phenotypes that are better adapted to the newamgnt than their parental species. We
experimentally assessed resistance of the pargpégiesFallopia japonica var. japonica
Fallopia sachalinensisand Fallopia baldschuanicathe two hybridsFallopia x bohemica
and Fallopia conollyanaas well as the common European plaRtsmexobtusifoliusand
Taraxacumofficinale to four native European herbivores, the sArpn lusitanicus,the
moth Noctua pronubathe grasshoppe¥etrioptera roeseliiand the beetl€&sastrophysa
viridula. Leaf area consumed and relative growth rate oh#rbivores differed significantly
between thd-allopia taxa and the native species as well as ankallppia taxa, and was
partly influenced by interspecific variation in feaorphology and physiologyallopia
japonicavar. japonicg the most abundaritallopia taxon in Europerevealed the highest
level of resistance against all herbivores testé level of resistance of the hybrids varied
depending on the herbivore species tested; in wioie cases, the hybrids resembled the
more susceptible parent, followed by hybrids wititermediate levels of resistance.
Genotypes of the hybrié. x bohemicavaried significantly in the leaf area consumed, bu
never exceeded that of the parental species. lergkgnexoticFallopia taxa were more
resistant to the European herbivores than the @tiven plant species, suggesting that both
parental and hybriéallopia taxa largely escape from herbivory in their introed range in

Europe.
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I ntroduction

Hybridization is a widespread feature of plants ard important mechanism in their
speciation and evolution (Stebbins 1969; Elistrandl. 1996). Gene combinations resulting
from hybridization may result in phenotypes thaténa level of tolerance to environmental
conditions that is intermediate to those of theeptal species or similar to one of the parents
(Schwarzbach et al. 2001; Whitney et al. 2006). ddwer, hybridization and subsequent
segregation can generate novel recombinants thatedter adapted to certain environments
than either of their parental species and may tbe¥ebe favoured by natural selection
(Stebbins 1969; Rieseberg 2003). For example, c@dtion of extreme habitats by
sunflowers was made possible by interspecific lybaition and subsequent selection on
extreme or “transgressive” hybrid phenotypes (Riesg 2003). Hybridization may entail
also a change in ploidy level, which by itself ansidered to be an important mechanism in
plant evolution (Soltis et al. 2000; Thompson et 2004). Polyploids tend to be more
successful than their diploid ancestors due to @execological range, better colonizing
abilities, increased rate of adaptation, masking defleterious alleles or increased
heterozygosity (Levin 1983; Soltis et al. 2000).

A major selective force affecting the evolutionént traits is herbivory (Marquis
1992). Herbivores can distinguish between hybrid parental genotypes (Fritz et al. 2003)
as well as among different hybrid genotypes (Feital. 1998), indicating that interactions
with herbivores may also play an important roléhia evolution of hybrids. Hybrids inherit
resistance traits from both parental species, batadverall resistance of hybrids against
natural enemies depends on the expression andgatiter of these traits (Fritz et al. 1999).
Often, the level of herbivore resistance in hybness found to be intermediate to that of
their parental species (Boecklen et al. 1990; Agudt al. 1992; Fritz et al. 1996) or to
resemble that of one of the parental species. dnldtier case the more common pattern is
that hybrid resistance resembles that of the maseeptible parent (Fritz et al. 1996).
However, some hybrids were also found to be more¢Rlen et al. 1990; Fritz et al. 1994;
Fritz et al. 1996; Whitham et al. 1999) or lessistest to herbivores than their parental
species (Boecklen et al. 1990; Fritz et al. 1996).

Polyploidization has also been shown to affectradgons with herbivores (Nuismer
et al. 2001; Munzbergova 2006). Plants with différploidy levels differ in their plant
secondary metabolism, in life history traits aslvas in morphology, all of which might

affect their palatability and the response of hestes (Levin 1983; Thompson et al. 1997).
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In general, plants with higher ploidy levels tendbt more resistant to herbivores than plants
with lower ploidy levels, which may contribute teetsuccess of polyploids (Levin 1983).

Recently, it has been suggested that hybridizadimh polyploidization may act as a
stimulus for the evolution of increased invasivengsexotic plant species (Ellstrand et al.
2000; Muller-Scharer et al. 2004). Support for tiypothesis comes from a study by Gaskin
and Schaal (2002) documenting extensive hybridimatn North America between two
exotic Tamarix species that are geographically isolated in thative Eurasian range, with
the hybrid being the most invasive taxon. Polyplpldnt species have been found to be
overrepresented among invasive species in regitorak (Verlague et al. 2002), indicating
that polyploidy promotes the establishment andaspd exotic plant species.

The enemy release hypothesis (ERH) posits that glaecies, on introduction to an
exotic region, experience a reduced top-down réiguldy natural enemies, allowing them
to increase in distribution and abundance (KeaneC&wley 2002). However, while
introduced plant species loose interactions witlinah enemies from their native range, they
are exposed to a new set of enemies from the r@smgnmunity in the introduced range
(Mitchell et al. 2006). It has been proposed thashintroduced plant species do not become
invasive because they are vulnerable to genetaditivores that are native to the introduced
range and with which they share no evolutionaryonys(Parker et al. 2005). In line with the
biotic resistance hypothesis, introduced non-inkagplants were found to interact with more
new pathogens or experience more herbivory tharodoted invasive plant species
(Cappucino et al. 2005). If introduced plant speaee vulnerable to generalist herbivores,
and hybrids are more resistant to this evolutiomaay set of herbivores than their parental
species, the invasion success of hybrids mightassrghat of parental species.

Several taxa of the gent&llopia, originating from East-Asia, are among the most
troublesome invasive weeds worldwide (Weber 2008)he introduced range, hybridization
occurs among three of the introduced speciesthees.octoploidF. japonicavar. japonica
(Houtt.) Ronse Decraene (also referred t®alygonum cuspidatummr Reynoutria japonica
(hereafter. japonicg, the tetraploid~. sachalinensigF. Schmidt Petrop.) Ronse Decraene,
and the diploidrF. baldschuanicgRegel) Holub (also referred to &s aubertii L. Henry).
The hybrid betweerf. japonica and F. sachalinensisFallopia x bohemica(Chrtek et
Chrtkova) J.P. Bailey, is predominately hexaploid, frequently found in Europe
(Hollingsworth 2000; PySek et al. 2003; Tiébré ket2807) and is considered to be more
invasive and to spread faster than its parentatispgPySek et al. 2003) . Hybridization
betweenF. japonicaand F. baldschuanicaTiébré et al. 2007) results in thpentaploid
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hybrid Fallopia x conollyanaJ.P. Bailey, which so far has only rarely beerorega from
Europe (Bailey et al. 2007).

Here we set out to assess variation in herbivosastence among the three
hybridizing parental species and the two hybridthefexoticFallopia complex against a set
of herbivores native to Europe with which they ghao evolutionary history. We measured
palatability of the leaves of the five exott@llopia species and of two native plant species,
Rumex obtusifoliuk. andTaraxacum officinaléVeb., to three generalist herbivores and one
specialist herbivore and determined herbivore perémce. Both native plant species are
common species, and. obtusifoliusbelongs to the same family as tRallopia taxa. To
assess whether some hybrid genotypes have exteraks lof resistance compared to their
parental species, we also determined leaf palétabflthe widespread hybrid. x bohemica
at the genotype level. Leaf characteristics that @ften associated with palatability, i.e.
specific leaf area, leaf dry matter content and &itib (Elger and Willby 2003; Schadler et
al. 2003), were recorded for all species and coetpavith the feeding response of the

herbivores.

Material and Methods
Study species

The Fallopia taxa used in this study include the speé€ief@ponica F. sachalinensigndF.
baldschuanica,and the two hybridsF. x bohemicaand F. x conollyana Fallopia
baldschuanicais a climbing plant,whereas the other taxare rhizomatous perennial
geophytes with erect stems. The plants are nativeastern Asia and were introduced into
Europe as ornamentals in the 19th century, wkejaponicaandF. x bohemicaand to a
lesser extent alsé. sachalinensisbecame highly invasive (Weber 2003; GISD 2005).
Exotic Fallopia species are especially a problem along rivers revdense stands displace
native plants and fauna (Gerber et al. 2008) aackase the risk of soil erosion and flooding
(Child et al. 2000).

A single genotype oF. japonica(octoploid, 2n = 88) with male-sterile flowers has
been identified in Europe (Hollingsworth 2000; Makdet al. 2005; Tiébré et al. 2007).
Similarly, only a single genotype &t baldschuanicddiploid, 2n = 20) with hermaphrodite
flowers was apparently introduced into Europe @ail994; Tiébré et al. 2007), but further
investigations are warranted. In contrast, sevggabtypes oF. sachalinensigtetraploid, 2n

= 44) with either male-sterile or male-fertile flev¢ occur in Europe (Mandak et al. 2005;

119



HERBIVORE RESISTANCE

Tiébré et al. 2007), and this species can theredoteas a pollen donor fdf. japonica
(Bailey 1994; Tiebré et al. 2007). Genetic analyiselicated that the resulting hybrid x
bohemica(hexaploid, 2n = 66has a higher genetic diversity in Europe than Ipatrental
species (Mandak et al. 2005; Bailey et al. 200&bfé et al. 2007). Only one individualfef

x conollyana(pentaploid, 2n = 54) has ever been found estaddisitn nature and there is no
information available on flower structure of thigbhnid (Bailey 2007).

In the experiments, leaf material was used from gereotype each df. japonica, F.
baldschuanicaand F. x conollyana, from five genotypes ofF. sachalinensisand 15
genotypes of. x bohemicaPlants ofF. japonica, F. sachalinensendF. x bohemicawere
grown from rhizomes which had been collected atl figtes in Germany and Switzerland in
September 2005. These plants had previously besstygeed using RAPD analyses and the
number of chromosomes had been determined by figanetry (Krebs et al. in prep.).
Fallopia baldschuanicandF. x conollyanawere obtained from collections held at the CABI
Europe — UK Centre, Egham, England. RHllopia plants were grown in pots filled with
standard potting soil in a common garden in Delé&n&uwitzerland. In addition to the
introduced Fallopia taxa, two native speciefRumex obtusifoliugPolygonaceae) and
Taraxacum officinal€éAsteraceae), were included in the experimencémparison. Leaves
of these species were collected each time whenreggfrom ten different individuals near
Delémont, Switzerland. No molecular analyses wareead out with these two plant species.
However, because sampled individuals were sepabgtedminimum distance of one meter,
we assumed that each plant represented a diffgesitype.

We used four invertebrate herbivores for the expenis: the slud\rion lusitanicus
L. (Pulmonata: Arionidae), the motNoctua pronubalL. (Lepidoptera: Noctuidae), the
grasshoppeMetrioptera roeseliHag. (Saltatoria: Tettigoniidae), and the chrysathkketle
Gastrophysa viridulaDeg. (Coleoptera: Chrysomelidae). The first three smecae
generalists, while the beetle is a specialist fegdinly on Polygonaceae (Mohr 1968)ion
lusitanicuswas introduced from southern Europe into centndl@orthern Europe. Today the
species is widespread and found in moist habithtssar Europe (Weidema 2006). The host
range ofA. lusitanicusincludes more than 100 plant species from variamslies (Weidema
2006). Slug herbivory was observed on introduéedlopia taxa in the field on rare
occasions (Krebs, personal observation). The nidthpronubais abundant throughout
Europe and occurs on waste land, cultivated larttiargardens (Carter et al. 1986). The
caterpillars feed on a wide range of herbaceoustpland grasses. Larvae of Noctuid moths

have been found feeding on leaved-ofiaponicain nature; however, no identifications to
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the species level have been made (Beerling et984)1 The grasshoppéd. roeseliiis a
common grassland species throughout Eurape feeds on a wide range of herbaceous
plants and grasses (Bellmann 1993). No informasavailable on whether they also accept
exotic Fallopia as host plants in nature. TlrysomelidG. viridula is common in open
habitats and along water courses throughout Eurbpis.leaf beetléeeds only on members
of the Polygonaceae, in particular Bumexspecies (Mohr 1966). Adults and larvae have
been found feeding on leaves Ief japonica (Beerling et al. 1994). Occasionally, partial
defoliation of exotidrallopia by G. viridula has been recorded in the UK, particularly after

heavy skeletonization of neighbouriRgimex obtusifoliuplants (Shaw et al. 2002).

Leaf characteristics

Leaf traits like specific leaf area (SLA), leaf dnatter content (LDMC) and C/N ratio have
been shown to affect plant resistance to herbivanestheir performance (Elger et al. 2003;
Schadler et al. 2003).To assess leaf charactaristithe plant taxa used in the experiments,
leaves were collected from all plants used in tloadsays in July 2007. Leaf area and fresh
and dry leaf mass were determined to calculatedsamatter content (LDMC; leaf dry mass
as a proportion of fresh mass) and specific leeh 48LA; leaf area/leaf dry mass [cgr]).
Additional leaf material for the analysis of theNQratio was collected from the same plants
in July 2007 and frozen at minus 20°C. Prior tolgsig, samples were defrosted and dried at
40°C for 48 h. Leaves were ground (0.25 mm) to inbdahomogeneous powder and dried
again at 40°C. The leaf powder of exdtllopia plants had to be pooled per clone to have a
sufficient amount for the analysis. The carbon amogen content of the leaves was
determined with a FlashEA 1112 elemental analyZbe(mo Fisher Scientific Inc., Milano,

Italy).

Plant resistance and herbivore performance

We assessed resistance of our study species ba#rms of leaf area removed by the
herbivores as well as in terms of herbivore pertomoe (Strauss and Agrawal 1999; Strauss
et al. 2002). Herbivores were reared individually leaves from a singl€allopia plant
throughout the experiment. Leaves of the nativeope®n species were collected each time

from different individuals.
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Arion lusitanicus In early July 2007, slugs were collected near Del&mn
Switzerland and kept for 48 hours without food 2t@. On 6 July, 104 slugs were weighed
and individually placed into plastic cups (7 cmndéter, 8 cm height) that were lined with
moistened filter paper. Each slug received freahneaterial from one of the seven plant taxa
(see Table 1 for details). Depending on leaf si#egle leaves or leaf sections of c. 100°cm
were offered. Before they were offered to the slilgs leaves were scanned and their area
was determined. The cups were closed with a peedralastic lid and kept at 12°C with a
16/8 hour day/night cycle. Every third day, thedeals of leaves were removed and scanned
and fresh leaves were placed into the cups. Evecpral day all slugs were washed and
weighed, and placed back into the cups until thé ehthe experiment on 2 August.
Individuals which died during the experiment wesplaced.

Noctua pronubaln early September 2007, eggsNf pronubawere collected near
Delémont, Switzerland, and the hatched caterpillaese reared oiirifolium pratensd.. at
20°C with a 16/8 hour day/night cycle. On 17 Seftem90 second instar caterpillars were
weighed and placed individually into Petri dishdsQocm diameter lined with moistened
filter paper.Fallopia material was field collected from the same popoitest as the rhizome
material for experiments with the other herbivofgse above), because leaves of the plants
kept in pots in the common garden were senescaonbtS with green leaves were collected
shortly before the start of the experiment, kef@°éx in plastic bags and regularly moistened.
Leaf discs of 2.5 cm diameter were cut from freshf Imaterial of the seven plant taxa,
avoiding large veins and the mid-rib, and placed the Petri dishes (see Table 1 for details).
Since feeding omR. obtusifoliusandT. officinalewas high, two leaf discs were provided in
each Petri dish. During the experiment, the catarpiwere kept under the same conditions
as when initially reared oh. pratenselLeaf discs were changed and scanned and caaespill
weighed every second day until the end of the exyaat on 1 October. Individuals which
died during the experiment were replaced.

Metrioptera roeselii In June 2008M. roeselii individuals were collected in the
Chasseral region, Switzerland and kept on a mixedad native herbs for one day. On 20
June 2008, 84 individuals were weighed and plan&ul ¢ups of 5 cm diameter and 10 cm
height containing moistened cotton pads. Leaf distls a diameter of 2 cm were cut from
fresh leaf material of the seven plant taxa, avgdarge veins and the mid-rib, and placed
into cups (see Table 1 for details). Cups were kept24°C with a natural day/night cycle.
Leaf discs were changed every second day and stamiethe grasshoppers were weighed

daily until the end of the experiment on 24 Jun@&0
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Gastrophysa viridulaln May 2008, adult beetles were collected near B3ais,
Switzerland, kept at 20°C with a 16/8 hour day/higycle and adults and hatching larvae
were regularly provided witR. obtusifoliusas food. On 26 May 2008, 135 first instar larvae
were weighed and placed individually into 9 cm Pdishes lined with moistened filter
paper. Leaf discs of 2 cm diameter were cut froestirleaf material of the seven plant taxa,
avoiding large veins and the mid-rib, and addeth&Petri dishes (see Table 1 for details).
Since feeding orR. obtusifoliuswas high, two leaf discs were provided from thagtcses.
Petri dishes were kept at 20°C with a 16/8 hour/mdgit cycle. Until the end of the
experiment on 2 June 2008, larvae were weighed daill leaf discs changed every second
day and scanned.

The area of the leaves collected in all experimevas determined using image
analysis (Scion image, Alpha 4.0.3.2., Scion CoRsederick, Maryland), and leaf area
consumed per day was calculated for each plantntakterbivore performance was
calculated as the slope of a linear regressionatiiral log herbivore fresh weight against
time.

Table 1: Number of replicates per genotype of tlious plant taxa and number of
genotypes used in the experiments with each heéaivBhe number of genotypes 6.
obtusifoliusandT. officinaleis not known, because no genetic analyses weredaut.

Plant taxon Herbivore
A. lusitanicus N. pronuba M. roeselii G. viridula
F. sachalinensis 3x5 4x3 4x3 5x5
F. x bohemica 3x13 4x5 4x8 5x12
F. japonica 10x1 10x1 8x1 10x1
F. x conollyana 10x1 10x1 8x1 10x1
F. baldschuanica 10x1 10x1 8x1 10x1
R. obtusifolius 10" 10" 8! 10"
T. officinale 10t 10" g 10"

Statistical analyses

One-way analyses of variance (ANOVA) were carrietl to test for differences among the
taxa in leaf dry matter content (LDMC), specificafearea (SLA) and C/N ratio. The
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following non-orthogonal contrasts were choseniarpfQuinn et al. 2002)Fallopia vs.
non+allopia speciesFallopia hybrids vs. non-hybrids;. x bohemicavs. parental species
(F. japonicaandF. sachalinensisandF. x conollyanavs. parental specief.(japonicaand

F. baldschuanica The effect of plant taxon on leaf area consumpedday and on relative
growth rate (RGR) was analysed for each herbivpexies using analysis of covariance
(ANCOVA) with taxon as fixed factor and with thensa a-priori contrasts as above, and
with either initial herbivore mass or one of thafl¢raits (SLA, LDMC and C/N ratio) as
covariate.

For A. lusitanicus, N. pronubandG. viridula, regressions between log-mass of each
herbivore and number of days the experiment hadvwenre carried out and the slope of the
regression was used as an estimate of the relgtmath rate (RGR) of each herbivore
species. Individuals which had died during the expent and had been replaced, were
excluded from analyses of RGR, when less than moeasurements of their biomass were
made. Due to high mortality of the individuals dahgrithe experiment, no analysis of RGR
was made foM. roeselii To meet underlying assumptions of statisticalcpdures, i.e.
homoscedasticity and normal distribution of residudata for leaf area consumed were log-
transformed (log +1). Since the specialist be&leviridula does not feed offi. officinale
this plant species was not included in the ANCOWasdculated forG. viridula. For M.
roeselii undamaged samples were excluded from the anabgsgise many individuals did
not feed at all during tests. For this species wedacted a supplementary analysis of
deviance to explore the effect of taxon, and thetrestsFallopia vs. nonFallopia species,
Fallopia hybrid vs. non-hybridF. x bohemicavs. parental species akd x conollyanavs.
parental species on the probability of feeding.

The effect of genotype on leaf area damaged an®®R was analysed fdf. x
bohemicaandF. sachalinensisising one-way ANCOVA with genotype as factor andhwi
either initial herbivore mass or one of the ledittr (SLA, LDMC and C/N ratio) as
covariate.

To analyse how much of the differences among thatghxa in leaf area consumed
was due to differences in leaf traits, ANCOVAs wesaried out for each herbivore with
SLA, LDMC or the C/N ratio as covariate (see abcuel the proportion of the taxon effect
that could be explained by the effect of the catari(in terms of sums of squares) was
calculated. All analyses were carried out using $R8.0 (SPSS Inc., Chicago, lllinais,
USA).
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Results

Leaf characteristics

The leaf characters LDMC and C/N ratio were strgmisitively correlated with each other
(r =0.90), SLA and CN ratio (r = -0.75) as well&isA and LDMC strongly negatively (r = -
0.84; all P < 0.001). All leaf characters differggnificantly among the taxa (SLA% s =
213.01; LDMC: F186 = 51.41; C/N ratio: k2 = 11.89; all P < 0.001)The two native
species had a 146 % higher SLA, a 38 % lower LDM@ a 98 % lower C/N ratio than the
exotic Fallopia taxa (SLA: k 186= 340.03, P < 0.001; LDMC:1kgs= 85.18, P < 0.001; C/N
ratio: ks = 15.39, P < 0.001; Fig. 1lRumex obtusifoliueaves had the highest value for
SLA and the lowest for LDMC of all species testaddF. japonicavar.japonicaleaves the
lowest value for SLA and highest for LDMC (Fig. I)he C/N ratio was highest féf. x
bohemicaand lowest forR. obtusifolius(Fig. 1). The SLA of the two hybrids was 12 %
higher and their LDMC 11 % lower than those of plaeental species (SLA:1fss= 4.96, P

< 0.05; LDMC: R 1g6= 8.77, P < 0.01; Fig. 1).
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Figure 1: Leaf dry matter content (LDMC), specileaf area (SLA) and C/N ratio of three exotic
Fallopia speciesK. sachalinensis, F. japoniozar. japonicaandF. baldschuanicy their hybrids .

x bohemicaand F. x conollyand and two native speciefR@mex obtusifoliusand Taraxacum
officinale). Data are means +1 SE.

Interspecific variation in plant resistance and bimore performance

The initial mass of herbivores had no significaffe& on leaf area consumed for all
herbivores (all P > 0.051) and was therefore ncluohed as covariate in further analyses. In
contrast, all leaf traits had a significant eff@t< 0.05) on leaf area consumed per day by the
four herbivores, with the exception of SLA figt. roeselii(see Table 3). The mean leaf area
consumed per day increased with increasing SLAdmudeased with increasing LDMC and
C/N ratio. The SLA explained 53%( pronubg, 47% @A. lusticanicuy 9% (M. roeseli)
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and 4% G. viridula) of the variation in leaf area consumed, LDMC 3{&6 lusticanicu}
32% (N. pronuba, 20% . viridula) and 20% K. roeseli), and the C/N ratio 58%A(
lusticanicug, 28% (\. pronubg, 25% (M. roeseli) and 3% G. viridula).

Leaf area consumed by all herbivores varied styoaghong the plant taxa (Fig. 2,
Table 2), irrespective of whether the leaf traitASkas included as a covariate in the analysis
or not. Analyses that included the traits LDMC ofN@atio gave similar results. All
herbivores (with the exception &. viridula) consumed more leaf area of the native species
R. obtusifolius,and particularlyT. officinale, than of the exoticFallopia taxa. Arion
lusitanicusconsumed 94%\. pronuba66%, and\. roeselii61% more leaf area of the two
native species than of the exokallopia species. However, in the caseMf roeselii, this
was only due to strong feeding dn officinale,as the nativeR. obtusifoliuswas not well
accepted as a food plant. The be@ileviridula, a specialist on Polygonaceae, consumed
78% more of the nativR. obtusifoliughan of the exoti€allopia taxa.

Among the exotic taxa, the lowest leaf area consuwmas consistently recorded on
F. japonicavar. japonica(Fig. 2) and most leaf area consumed on eifhdraldschuanica
(A. lusitanicus, M. roeseliand G. viridula) or F. sachalinensigN. pronuba Fig. 2). Leaf
area consumed on hybrids tended to be intermetbatieat on parental species. However,
leaf area consumed b4. lusitanicuswas significantly higher on parental than on hgbri
species (parents: 0.134 + 0.034 %crhybrids: 0.023 + 0.009 cincontrast “hybrid vs.
parents” in Table 2) and leaf area consumedMVoyroeselii was significantly lower on
parental species than on hybrid species (parer@@2@ 0.122 ctf hybrids: 0.094 + 0.014
cnt; contrast “hybrid vs. parents” in Table 2).
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Table 2: Results of analyses of covariance of tfezieof taxon on leaf area consumed per da\blysitanicus, N. pronuba, M. roesdindG.
viridula. Specific leaf area (SLA) was used as covariatgaor leaf area consumed were log-transformet.P*< 0.001; **, P < 0.01 and *,

P < 0.05.

Source of variation

A. lusitanicus

N. pronuba M. roeselii G. viridula
df F df F df F df F

SLA 1 227.44 *x* 1 99.18 *** 1 0.74 1 6.09 *
Taxon 6 42,76 *** 6 16.44 *** 6 6.78 *** 6 22.08 xx*

Fallopia vs. natives 1 166.59 *** 1 4297 *** 1 23.85 *** 1 103.69 ***

Hybrid vs. parents 1 10.93 ** 1 1.79 1 5.67 * 1 0.03

F. x bohemicavs. parents 1 8.51 ** 1 20.93 *** 1 3.68 1 0.12

F. x conollyanavs. parents 1 465 * 1 0.09 1 2.14 1 0.08
Residual 96 82 55 132
Total 103 89 62 139
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Moreover, leaf area consumed Bnx bohemicadiffered significantly from that on parental
species forA. lusitanicusand N. pronuba but in contrasting ways: it resembled that of the
more resistant pareiit japonicavar. japonicafor A. lusticanicugFig. 2A) and that of the
more susceptible pareht sachalinensigor N. pronuba(Fig. 2B) andM. roeselii(Fig. 2C).
Leaf area consumed Wy. viridula was intermediate to those of the parental species (Fig.
2D). Leaf area consumed &n x conollyanadiffered significantly from that of the parental
species forA. lusitanicus(contrast F. x conollyanavs. parental species” in Table 2). Leaf
area consumed dn x conollyanatended to be intermediate to that on its paresgaties for

A. lusitanicusand M. roeselii, but closer to that on the more susceptible parfent
baldschuanicaor N. pronubaand G. viridula (Fig. 2). Results of the ANCOVAs for leaf
area consumed with the leaf traits LDMC and C/Norals covariates were similar to the
results of the ANCOVA with SLA as covariate (TaBle
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Figure 2: Leaf area consumed per day (log-scalefA)yA. lusitanicus (B) N. pronuba (C) M.
roeseliiand (D)G. viridula. Open bars indicate native species, black Batopia parental species
and gray bars their hybrids. Data are means +1 SE
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Table 3: Results of analyses of covariance of ffeceof taxon on the relative growth rate Af
lusitanicus, N. pronuband G. viridula Specific leaf area (SLA) was used as covariate. P <
0.001 and **, P < 0.01.

Source of variation A. lusitanicus N. pronuba G. viridula
df F df F df F
SLA 1 12.86 ** 1 60.94 *** 1 58.66 ***
Taxon 6 21.66 *** 6 6.49 *** 6 15.50 ***
Fallopia vs. natives 1 104.11 *** 1 22.30 *** 1 4547 ***
Hybrid vs. parents 1 0.82 1 0.25 1 285
F. x bohemicavs. parents 1 0.47 1 3.18 1 0.15
F. x conollyanavs. parents 1 171 1 041 1 13.21 **
Residual 74 67 129
Total 81 74 136

The covariates SLA (Table 3), LDMC and C/N ratiesfults not shown) had a significant
effect on the RGR of the three herbivores incluptethe analysis. The RGR increased with
increasing SLA and decreased with increasing LDM@ @/N ratio. In accordance with the
results for leaf damage, plant taxa also had alyigignificant effect on the RGR of the
herbivores (Table 3). The RGR of herbivores on iexedllopia taxa was significantly lower
than on native species, but there were no diffegernmetween hybridrallopia and their
parents (Fig. 3)Arion lusitanicushad a negative RGR on all plant taxa Dubfficinale(Fig.
3A). For all herbivores, all other contrasts testeute non-significant, except for the contrast

“F. x conollyanavs. parents” fo6. viriduala (Table 3).
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Figure 3: Relative growth rate of (A). lusitanicus (B) N. pronubaand (C)G. viridula on the
different Fallopia taxa and native species. Relative growth rate cgé=ulated as the slope of linear
regression of log-transformed herbivore fresh weggiainst time. Open bars indicate native species,
black bars the parent&allopia species and the gray bars tralopia hybrids. Data are means +1
SE.

Plant resistance of and herbivore performance offecBnt genotypes of the hybrid F. x

bohemica and of F. sachalinensis

Leaf area consumed differed significantly among Eex bohemicagenotypes forG.
viridula (F104s= 2.61,P < 0.05; Fig. 4D), but not foA. lusitanicug(Fi11 6= 0.81, P = 0.63;
Fig. 4A), N. pronuba(Fs 20 = 0.81, P = 0.50; Fig. 4B) arM. roeselii(Fs 15= 2.19,P = 0.09;
Fig. 4C). AmongF. sachalinensigienotypes, leaf area consumed differedNompronuba
(F112=7.97,P < 0.05), but not foA. lusitanicugFs 10= 2.25, P = 0.145M. roeselii(F1 7=
1.77, P = 0. 23) ané. viridula (F320 = 0.73, P = 0.548). The covariate SLA was only
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significant forN. pronubawith F. x bohemica(F; 20 = 32.71, P < 0.001) arfél sachalinensis
(F112 = 15.47, P < 0.01), and fdA. roeseliiwith F. x bohemicaF1 15 = 9.96,P < 0.01).
LDMC was only significant foM. roeselii(F118= 12.676, P < 0.01) witR. x bohemicaand
for N. pronubawith F. sachalinensigFi1, = 9.21, P < 0.05). Among. x bohemica
genotypes, RGR differed significantly fGr. viridula (F104s= 6.82,P < 0.001), but not foA.
lusitanicus(F11,15 = 1.25, P = 0.34) and fo¥. pronuba(Fs 14 = 0.43, P =0.74). Amon§.
sachalinensigienotypes, RGR differed fdt. pronuba(F1 1, = 7.76, P < 0.05), but not fé.
lusitanicus(F3 9 = 1.18, P = 0.37) an@®. viridula (F320 = 0.094, P = 0.96). The covariate
SLA was significant foN. pronubawith F. x bohemica(F; 14 = 28.50, P < 0.001) and with
F. sachalinensigF; 12 = 30.45, P < 0.001), and f@. viridula with F. x bohemica(F; 45 =
6.28, P < 0.05). The covariate LDMC was significéat N. pronubawith F. x bohemica
(F114=15.56, P <0.01) arfel sachalinensi¢F; ;o= 20.91, P <0.01).
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Figure 4: Leaf area consumed per day (log-scalefA)yA. lusitanicus,(B) N. pronuba,(C) M.
roeselii and (D) G. viridula. Numbers indicate different genotypes Bf x bohemciaand F.
sachalinensisGrey bars indicate differeiit. x bohemicagenotypes, black bars the parental species
F. japonicaand white bars the parental spedtesachalinensisData are means +1 SE.
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Discussion

The factor taxon explained a significant amounthef variation in leaf area consumed and in
herbivore performance in all analyses with the foenbivore species, irrespective of whether
the herbivore’s initial biomass or a leaf trait wiasluded as a covariate or not. We will
therefore first discuss the a-priori contrasts imitthe factor taxon, and then discuss leaf

traits, resistance to herbivores and herbivoregperdnce.

Differences in plant resistance and herbivore peniance between the species of the

Fallopia complex and two native plant species

For all four herbivores tested, the leaf area comesi on exoticFallopia taxa was
significantly lower than that on the native speci€kese results are consistent with field
observations in the introduced randgellopia species in Europe are hardly attacked by
native herbivores (Beerling et al. 1994), whtalopia species can be substantially damaged
by herbivores in their native range in Japan (Kawehal. 1999; Shaw et al. 2002). To what
extent generalists native to the introduced ranmgeable to exploit a new food source may
vary strongly among introduced plant species. While ERH predicts that generalist
herbivores have a great impact on the native cdtopetthan on the introduced plant
species, the biotic resistance hypothesis (BRHgstdat resistance to native enemies in the
new range will limit the establishment and spre&dnost of the introduced plant species
(Parker et al. 2005). In our bioassays, we onljuithed two native plant species, which does
not allow for a robust comparison between natiampspecies and exott@llopia species in
terms of their resistance against and suitabibtyrfative European herbivores. However, in
other studieRumexspecies ranked as low-quality (Cates et al. 12rg)T. officinale as
medium-quality host plants for European generaliRiasthcke 1985). We therefore suggest
that the results from our bioassays and from fiebdervations (Beerling 1994; Krebs,
personal observations) are in line with the préoinst of the ERH, indicating that in Europe
the exoticFallopia taxa exhibit higher biotic resistance to native egafist herbivores than
native plant species.

Invasive plants may contain secondary compoundsatteanovel for the introduced
range (Cappucino et al. 2006). Novel compoundsregel or have toxic effects on naive
herbivores and make the plants better defendechstgaasident natural enemies than native
plants or exotic plants that have no novel chemi@allaway et al. 2000; Callaway et al.

2004; Cappucino et al. 2006; Siemens et al. 2(@@Ants of theFallopia complex possess
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numerous plant secondary compounds such as polgptemand alkaloids (Siemens et al.
2007), some of which are known to play an importate in the defence against generalist
herbivores (Kawano et al. 1999; Cappucino et @620lt is currently unkown whether some
of the secondary metabolites found in invadtadlopia taxa are indeed new to the invaded

habitats in Europe.

Differences in plant resistance and herbivore peniance between parental and hybrid

Fallopia taxa

Depending on the herbivore species tested, we fodifférent patterns of herbivore
resistance in the hybrids compared to the pardratibpia species. The level of plant
resistance td\. lusitanicuswas significantly lower in hybrids than in pardrépecies The
overall difference in resistance between hybridd parental species to this herbivore was
largely due to the strong differences betwé&ernx bohemicaand its parental specieB,
japonicaandF. sachalinensisin contrast, withM. roeseliithe level of plant resistance was
significantly higher in hybrids than in parentaksjes Significant differences in herbivore
resistance between the hybiid x bohemicaand its parental speci€s japonicaandF.
sachalinensisvere also found foN. pronuba However, no overall differences in herbivore
resistance between hybrids and parental species faend in the bioassay with. pronuba
andG. viridula. In general, the hybrifl. x bohemicaended to resemble the more susceptible
parent. This pattern is in agreement with previstuslies suggesting that, when the parental
species differ in their herbivore resistance, tasise of the hybrid plants more often
resemble that of the susceptible parent (Fritd.et96; Messina et al. 1996; Whitham et al.
1999) . This dominance towards susceptibility ssggéhat plant resistance traits are often
recessive (Fritz et al. 1999), or that plant fagtoesponsible for host-plant recognition, are
the influential traits and inherited dominantlyi{Eret al. 1999).

Fallopia x conollyanashowed a tendency for intermediate herbivore ta&ste in
comparison to the parental species, since only fitlusitanciusthe contrasts betwedn x
conollyanaand its parental species were significant. Althouogt as frequent as dominance
towards susceptibility, intermediate responses halse been repeatedly found in hybrid
plants (Boecklen et al. 1990; Aguilar et al. 19Bdtz et al. 1999). If the expression of plant
resistance is dosage-dependent, then an additimélgrited trait is likely to lead to
intermediate plant resistance in cases where orenfad species is resistant and the other
susceptible (Fritz et al. 1996).
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In our study, herbivore resistance varied dependimghe herbivore species used.
Variable responses of herbivores on the same hylitadle also been observed in other
studies in which multiple herbivores were testedg&klen et al. 1994; Fritz et al. 1994; Fritz
et al. 1996; Messina et al. 1996; Fritz et al. J98&ant resistance is known to be specific to
herbivores (Fritz et al. 1998; Fritz et al. 199Bjfferent herbivores may be affected by
different resistance traits or respond differemtiyhe same trait (Fritz et al. 1998; Fritz et al.
1999). However, the results show that even if #sponses are variable, herbivores are able
to detect differences in palatability induced bybhgization between hybrids and parental
species (Hjalten 1997).

The Fallopia taxa have different ploidy levels, ranging fronpldid to octoploid F.
japonicais octoploid,F. sachalinensisetraploid,F. x bohemicahexaploid F. baldschuanica
diploid andF. x conollyanais pentaploid. Halverson et al. (2007) found that fikeect
gallmakers attacked diploid, tetraploid and hexabfolidago altissimalants in the field,
but the ploidy subjected to highest attack variethbacross herbivores within sites and
across sites within herbivores. This may be duthéofact that cytotypes typically differ in
cell size, relative growth rates and other lifetdnig traits that may influence resistance to
herbivores or herbivore performance (Ramsey e@02). Polyploids often have lower
growth rates than diploids and are more resistahetbivores than diploids due to increased
guantities of alkaloids, terpenes or other secondampounds in comparison to diploids
(Levin 1983). The results of our study are in limgh this pattern; leaf damage tended to
decrease with increasing ploidy level of thallopia taxa, with the octoploidr. japonica
showing the highest and the dipldtd baldschuanicahe lowest resistance against European

herbivores.

The different levels of resistance against nateramies might contribute to the
different invasion success of theallopia taxa. For many invasive plants a negative
correlation between herbivory and invasivenessheen observed (Carpenter et al. 2005).
For the three invasive taxa japonica, E x bohemicaand F. sachalinensisthe leaf area
consumed by native herbivores in this experimens wagatively correlated with their
relative abundance in Eurogdeallopia japonica,the most abundant taxon in Europe, showed
the highest resistance against generalists, whéneaeast common taxda sachalinensis
showed a low resistance. Field observations alggest that herbivore feeding occurs more
frequently onF. sachalinensighan onF. japonicaand F. x bohemica(Krebs, personal
observation). However, although japonicais still the most frequent taxon in Europe,x

bohemicaspreads faster and seems to be more invasivatthparental species (PySek et al.
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2003). Our results suggest that the higher invasise ofF. x bohemicacompared td-.
japonicais not due to higher herbivore resistance. Moreotree immense differences in
abundance of the two hybrids x bohemicaandF. x conollyanacannot be explained by
different levels of resistance either. This and temerally low herbivore densities on
Fallopia plants suggest that differences in the suscepyilbd herbivores among the taxa are
not responsible for the differences in their invasiess in Europe.

Genetic variation in plant resistance and herbivpesformance in the hybrid F. x bohemica

and in F. sachalinensis

In our study, resistance against the herbivBreviridula varied significantly among the
different genotypes of. x bohemica However, we found no evidence for genotypes with
transgressive levels of herbivore resistance. Gewmatiation in insect responses to hybrids
was also found in other studies (Fritz et al. 19984ig et al. 2000; McGuire et al. 2006),
resulting in different damage levels under fielsha@itions (McGuire et al. 2006). Fritz et al.
(1998) found significant genetic variation in hexre resistance among naturally occurring
Salixhybrid genotypes.

Morphological traits, nutrient content or concehtnas of secondary compounds can
differ within hybrid species (O Reilly-Wapstra dt 2007). In our study, the SLA d¥. x
bohemicagenotypes was positively and the LDMC negativetyrelated with leaf area
consumed byA. lusitanicusand M. roeselii Fallopia x bohemicagenotypes with a lower
herbivore resistance in comparison to other gemstygeem to have similar leaf traits like
sachalinensislike lower leaf toughness and higher water cantesich make them more
susceptible than genotypes with leaf traits mamglar to those of. japonica However, the
variation among genotypes in leaf area consumedstilasignificant even if leaf traits were
included as covariates in the analysis, indicatimgt the variation cannot be completely
explained by variation in these leaf traits.

We have no information on the genetic status oFRhebohemicagenotypes used in
this study (F1, F2 or backcross). The genetic staflhybrids can influence the resistance to
herbivores (Craig et al. 2000; McGuire et al. 20869l influence insect preference (Fritz et
al. 1992). In @opuluscomplex F1 hybrids and first backcrosses werestasi against insect
attack, but with an increasing degree of introgagstheir susceptibility increased (Paige et
al. 1989) In our study the variation amokg x bohemicagenotypes might be partly

attributed to different levels of backcrosses.
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Leaf traits and herbivore resistance

Differences in leaf traits may contribute to difaces in herbivore resistance among the
exotic Fallopia taxa and the native plants and result in a lovegbikore attack oifrallopia.

In general, leaves with low palatability tend tontan more carbon-based secondary
compounds such as phenolics and lignin (Schéadlat. 2003), are tougher (Choong et al.
1992), have higher LDMC (Elger et al. 2003; Schédteal. 2003), lower SLA and a higher
C/N ratio (Choong et al. 1992; Elger et al. 2008h&ller et al. 2003).The frequent invasive
taxaF. japonica, F. sachalinensasndF. x bohemicahad a low specific leaf area and high
leaf dry matter content and C/N ratio, suggestingt ta low water content and physical
defence like high leaf toughness and lignificatioftuence the palatability of their leaves in
comparison to leaves of the native species. Howehkerdifferences in palatability between
the Fallopia taxa and the native species were still signifigamtdjusted for differences in
leaf traits. This suggests that other factors Ifia@vel secondary compounds may also

contribute to the high resistanceRzllopia to European generalist herbivores.

Conclusions

Interspecific hybridization among invasi¥allopia species affect herbivore resistance and
the performance of generalist herbivores nativéhto invaded range, but the effects vary
both between hybrid taxa and among herbivore spetmemost of the cases, the hybrids
tended to resemble the more susceptible paretawedl by hybrids with intermediate levels
of resistance and those resembling the more rasiptaent. None of the hybrid genotypes
revealed resistance levels that were more extraarethose of the parental species. Because
the herbivore resistance of the hybFdx bohemicaresembles more that of the susceptible
parent, its high invasion potential is apparenttyt Wlue to a higher resistance against
herbivores than the parental specRather, our bioassays indicate that exéadlopia taxa
are generally well defended against European herésy which is mirrored by the generally
low attack rates observed in the field. The medrasiunderlying the inter- and intraspecific
variation in herbivore defence in th&llopia complex and its generally high resistance

against European herbivores require further ingasbns.
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Even if vegetative spread has been reported tchéerain mode of reproduction in the
invasive Fallopia complex, the high seed set, high germination rates the capacity of
seedlings to survive the winter in the fieddggest that sexual reproduction and successful
seedling establishment of the invasivallopia taxa occurs under favourable conditions in
Europe. The high genetic variability and regiondfedention of the widespread hybrid
betweenF. japonicavar. japonicaandF. sachalinensisF. x bohemica,with its increasing
abundance since time of introduction, provideshirtevidence that sexual reproduction
occurs and that at least a few seedlings survideestablish. Sexual reproduction is mainly
possible by interspecific hybridization among theasiveFallopia taxa, since only male-
sterile and genetically uniform plants &f. japonica var. japonica occur in Europe.
Hybridization also restores sexual reproductiongkeyerating male and female progeny. If
hybridization is frequent and widespread parenpgcees and their hybrids may form one
reproductive complex in Europe.

In the Fallopia complex sexual reproduction might not be importemtthe main
spread and dispersal. Nevertheless, it may playngortant role in the invasion process.
Through frequent sexual events and hybridizatiow mgnotypes with new traits could
originate, which could be better competitors andemguccessful invaders (Stebbins 1969;
Arnold and Hodges 1995; Vila and D Antonio 1998h ¢ur studies we found that
interspecific hybridization can affect and alterbieore resistance, which is one of the most
important determinants of invasiveness. Hybridmatis probably a major force promoting
genetic diversity in thdrallopia complex, producing novel gene combinations on fwhic
natural selection can act (Anderson 1949; Stebb#69). An increased genetic variability
may facilitate adaptation to new and different emvmental conditions for example altered
by climate change. Even rare events of sexual deton can be sufficient to maintain high
genetic diversity (Ellstrand and Roose 1987; G#deie and Brochmann 1998). Moreover,
rare hybridization events may thus result in a @eremt addition of highly invasive genotypes
and may be all that is necessary to make a hybrehde invasive (PySek et al. 2003). By
increasing genetic variation in th&llopia complex and by the origin of novel genotypes,
which may have an increased adaptation potentighenintroduced range (Stebbins 1969;
Arnold and Hodges 1995; Rieseberg et al. 2007)yaeseproduction gives a considerable
evolutionary potential and may enhance the invaswecess of thé&allopia complex in
Europe.

The reported higher invasiveness of the hylbridk bohemicain comparison to its

parental species might be a result of hybridizatieents and selection of new genotypes with
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extreme traits (Mandak et al. 2005). In our stuadgistance against the herbivores varied
among the different genotypes Bf x bohemica but we found no evidence for genotypes
with extreme levels of herbivore resistance. Howgtleere is evidence that for other traits,
like regeneration capacity, extreme genotypes difridg exist (PySek et al. 2003), which
might contribute to the higher invasion potentidlFo x bohemicain comparison to the
parental species (Bimova et al. 2003). Overall,itjigrids tended to be more similar to their
susceptible parental species. This suggests thet th rather a selection for genotypes with
higher competitive ability, than high herbivore istgnce due to the lack of enemies in the
introduced range. Overall, our studies indicatd thatic Fallopia taxa are generally well
defended against European herbivores, which mightribute to their invasion success in
Europe.

Our studies indicated different hybridization patee among regions in Europe.
Moreover, we found different degrees of admixturesveen the parental genomes according
to the regions, from hybrid genotypes showing bpé#tental contributions to genotypes
assigned to a unique genetic cluster different ftoose of the parental species. Differences in
the distribution and frequency of exoftallopia taxa and of male and female clones as well
as different degrees of male fertility within taxomght be of importance for these regional
hybridization patterns. The regionalisation of genetic pool of hybrids as observed in our
study may provide the raw material for adaptiveleton in response to the biotic and abiotic
conditions encountered in different regions of Peroand may ultimately increase the
invasiveness of the hybrie x bohemica Our study revealed a very high level of variation
traits related to sexual reproduction of exéiadlopia among regions and stands in Europe. It
remains to be shown, though, whether the variaithoseed production correlates with the
current level of seedling recruitment in tRallopia complex across Europe, or whether it
should be considered as a potential for futureléewt seedling recruitment d¢fallopia taxa
in the context of climate change.

In our study, we found overall more mdte x bohemicathan female clones, which
can act as pollen donor and replace the missing majaponicavar. japonicaplants in
Europe. This high proportion of mdte x bohemicaplants may be a major component of the
invasive success @fallopia, since the availability of compatible pollen doneeems to limit
seed productianif the proportion of hybrid plants increases witinther hybridization events,
the density of pollen donors necessary for sexe@oduction would also increase leading to
enhanced opportunities for sexual reproduction. ddwer, the hybrid=. x bohemicahas a

higher regeneration potential than the parentatispe(Bimova et al. 2003), which could
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additionally enhance the spread by vegetative cepiion and increase the proportion of
hybrids.

Even if sexual reproduction in the exokallopia complex is not the main mode of
reproduction, the balance between vegetative ardaseeproduction could shift towards
more sexual reproduction in response to climatemiay than we observe today. The
predicted climate for large parts of the study oagis similar to the current climate in the
Ticino area, which is characterized as moist andnat@mperate climate with heavy rainfalls
during summer and low precipitation in winter. Weserved a very high seedling emergence
and performance in Ticino. This suggests that thportance of sexual reproduction, the
additional spread by seed and the risk of successedling recruitment of the exotic
Fallopia taxa could increase under the climate change gestifor Europe.

The Convention on Biological Diversity (CBD), sighby almost all countries of the
world, states under article 8h to “prevent theadtrction of, control or eradicate those alien
species which threaten ecosystems, habitats orespeExotic Fallopia taxa are among the
most serious exotic weeds in Europe, causing higlogical and economic costs and are not
easy to control or eradicate (Child and Wade 263nhardt et al. 2003; Gerber et al. 2008).
The fact that exotid-allopia plants are not attractive for native herbivores hastrong
influence on diversity of the fauna insitfi@llopia stands (Topp et al. 2007; Gerber et al.
2008). Invasiveness of tHeallopia complex may be even enhanced in the future by more
frequent hybridization events due to higher freqyenf compatible mates and increased
sexual reproduction and successful seedling estabént due to climate warming. An
increased evolutionary potential may lead to highlsasive genotypes and adaptation to new
enviroments and thus enhanced spread and a radgeing(Bailey and Wisskirchen 2006).
These risks make it important to understand theetigshand ecology of invasiveallopia
taxa and the role of hybridization in their invasiprocess to aid the development of more
effective management strategies. Our results intpht the potential spread by sexual
reproduction should not be underestimated whenmpigncontrol and management strategies
against the invasiveallopia complex in Europe, particularly in the face of lghd warming
(Forman and Kesseli 2003; Tiébré et al. 2007).
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