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Summaries

Executive summary
Keywords: nature conservation, re-vegetation, wild plant species

Native plants are increasingly used for re-vegetation measures (e.g. landscaping,

restoration and bioengineering). Collecting plant material directly from wild po-

pulations could not meet the demand for plant material needed in re-vegetation.

Thus, native plants are cultivated (hereafter cultivars) for re-vegetation measures.

Cultivars presumably diUer from their wild relatives (hereafter wilds) in life-history

traits, because they faced human selection rather than selection by natural envi-

ronmental conditions. Cultivars mostly derive from distant provenances with envi-

ronmental conditions that are very diUerent to re-vegetation sites. Therefore, culti-

vars are presumably adapted to entirely diUerent environmental conditions than their

wilds.

Introducing vast quantities of cultivars into the landscape is viewed as problematic

by nature conservationists, soil bioengineers, and re-vegetation companies. The life-

history traits developed by cultivation may not provide suitable abilities for survival

at re-vegetation sites, and, therefore threaten the re-vegetation success. Otherwise,

life-history traits developed by cultivation may enhance the Vtness of cultivars. If

cultivars establish and survive at re-vegetation sites, they might spread their range

and may have undesirable eUects on the existing native plant communities. It is most

likely that cultivars will hybridize with their wilds. The eUects of such hybridization

on life-history traits of wilds and the signiVcance for nature conservation are largely

unknown. The risk of a cryptic invasion of cultivars (wilds, cultivars, and hybrids are

diXcult to distinguish and the invasion is therefore not detected), especially through

hybridization is a concern. Due to these uncertainties a regionalized seed production

of wild plant species has been developed in some countries to mitigate suspected

problems by applying a precautionary principle. It has not been tested so far, whether

this approach can also result in unintended and undesirable cultivation eUects.

Above mentioned problems, which may occur due to plant use in hitherto form are

based mainly on assumptions. The overall aim of the PhD thesis, therefore, is to inves-

tigate whether the large scale introductions of native plant cultivars for re-vegetation

represents both a problem for nature conservation and re-vegetation success. Another

aim is to give Vrst indications whether a regionalized seed production might mitigate

these problems.

By using cultivars, wilds, and artiVcially produced wild x cultivar hybrids (hereafter

hybrids) of Plantago lanceolata L. (ribwort plantain) and Lotus corniculatus L. (birds-

foot trefoil), two species frequently used in re-vegetation in Central Europe, the fol-
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lowing objectives were tested: I addressed the questions whether cultivars used in re-

vegetation diUer in life-history traits from their wilds and whether life-history traits in

wilds change through hybridization with cultivars. I tested whether life-history traits

in cultivars and hybrids represent advantages or disadvantages for performance un-

der natural climatic conditions of a wild’s habitat and whether cultivars and hybrids

have the ability to outperform their wilds. Finally, I examined whether a regional-

ized seed production can supply appropriate methods to minimize cultivation eUects

in propagation of wilds. All objectives were tested experimentally using incubators,

common garden experiments over a period of two growing seasons and greenhouse

experiments over a period of one growing season.

I detected signiVcant diUerences in life-history traits between cultivars and their

wilds, which most likely are a result of cultivation eUorts. Cultivars exhibited sig-

niVcant faster and more abundant germination behavior, indicating human selection

against seed dormancy during cultivation. Cultivars began to Wower signiVcantly

later (P. lanceolata) or earlier (L. corniculatus) than their wilds. Cultivars showed gi-

gantism characteristics, like vigorous and erect growth, combined with higher vege-

tative and generative biomass production than their wilds, if grown under permanent

human care (greenhouse conditions with suXcient supply of water and nutrients).

This behavior of cultivars can be interpreted as Vtness advantage over their wilds at

least under stress-less environmental conditions.

In a common garden experiment over two growing seasons, cultivars suUered from

Vtness losses due to the complete mortality of the L. corniculatus cultivar and re-

duced vegetative biomass production in the case of P. lanceolata cultivars in the sec-

ond growing season. I assume a trade-oU; human selection towards high biomass

production in cultivars potentially occurs at the expense of tolerating stressful envi-

ronmental conditions (i.e. exceptionally cold winter between the two growing sea-

sons). Considering also a reduced seed dormancy in cultivars, a life-history trait

maintaining long-term survival of plant populations, I conclude that cultivars seem

to be not well adapted to climatic conditions of a wild’s habitat. That situation can

subsequently threaten the re-vegetation success over the long-term.

Other than cultivars, I showed that evolving hybrids between cultivars and their wilds

can establish and perform well (incl. heterosis for generative biomass production in

L. corniculatus hybrids) under common garden conditions. Hybrids likely inherited

both adaptations to the local climatic conditions from their wild parents as well as

gigantism characteristics from their cultivated parents. Additionally, I showed that

hybrids were competitively superior over their wilds in both studied growing seasons

in a common garden-competition experiment. Hybrids are potentially able to out-
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perform their wilds. Survival and successful reproduction of hybrids as shown in the

presented study will multiply the propagule pressure from individuals with altered

life-history traits. Therefore, I suggest that the risk of a cryptic invasion is high or

has already taken place for some species whose cultivars have already been used for

decades in re-vegetation.

Otherwise, it is also possible that following generations of hybrids may suUer from

outbreeding depression due to backcrosses with parental cultivars and wilds (hybrid

breakdown); or evolving hybrids directly inherit more maladaptive life-history traits

or maladaptive trade-oUs from parental cultivars. Both scenarios will reduce their Vt-

ness and may lead to natural selection against hybrids over the long-term. Assuming

permanent hybridization, such selection subsequently might threaten the existence

of “wild populations”, because re-evolving towards wilds’ life-history traits will be

countered by the vast amounts of permanently introduced cultivars.

Using the example of germination behavior, I showed that collecting seeds of wild

plants, as done by a tested regionalized seed producer, seemed to be an adequate

method to preserve the life-history traits of wilds. There were no signiVcant diUer-

ences in germination behavior between pure wild seeds and declared wild seeds col-

lected by the regionalized seed producer. Otherwise, the results indicate that propa-

gation eUorts presumably need improvements in order to prevent or minimize eUects

of unintended human selection on life-history traits like germination behavior.

My studies strongly indicate that the use of cultivars of native plant species in re-

vegetation does represent both a problem for re-vegetation success as well as nature

conservation. The outlined scenarios of permanent hybridization and the risk of a

cryptic invasion are not desirable from nature conservation perspective, aiming to

conserve intra- and interspeciVc diversity of local ecosystems. I give implications

for the practice of re-vegetation in order to mitigate these problems. It should be

thoroughly proved whether it is necessary to carry out re-vegetation via planting

or sowing. It may be more advantageous for both re-vegetation success and nature

conservation to allow re-vegetation by natural succession rather than by introducing

(possibly non-suitable) plant material. If re-vegetation by introducing plant material

is needed, the use of cultivars should be avoided and the use of wild plants is re-

commended. If wild plant material is used, the geographic distance and diUerence of

edaphic conditions between the seed source and site of introduction should be kept

to a minimum. If wild plant material needs to be propagated for use in re-vegetation,

the implementation of strategies to reduce cultivation eUects in life-history traits is

needed.

Despite my Vndings on the eUects of cultivation and hybridization on life-history
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traits of native plant species and the resulting eUects on wild plant populations, there

are still knowledge gaps to Vll. It is necessary to get reliable data about the distri-

butions and abundances of cultivars and hybrids in the landscape in order to take

conservation measures of remnant wild populations. Further studies should concen-

trate on genetic diversity as well as phenotypic variation as they are assumed to be

lower in cultivars compared to their wilds. If this assumption holds true, adaptability

to changing environmental conditions can be reduced and may be transferred into

wilds by hybridization. Further research should evaluate whether further life-history

strategies, such as Wower phenology, plant performance, or genetic diversity are neg-

atively aUected, both by cultivation in standard seed production as well as in region-

alized seed production. This knowledge is essential, in order to develop measures,

aiming sustainable re-vegetation success as well as conservation of native plant’s bio-

diversity and local ecosystems. The presented PhD study provides solid arguments in

order to enhance nature conservation eUorts in the practice of re-vegetation.

9



Summaries

Kurzzusammenfassung
Schlagworte: Naturschutz, Begrünungsmaßnahmen, WildpWanzen

Bei Begrünungsmaßnahmen in der freien Landschaft wird zunehmend PWanzenma-

terial aus heimischen Herkünften eingesetzt. Da das Sammeln von PWanzenmaterial

in WildpWanzenbeständen den Bedarf z.B. an Saatgut für Begrünungsmaßnahmen

bei weitem nicht decken kann, werden zunehmend auch heimische PWanzen kulti-

viert und in großen Mengen für Begrünungsmaßnahmen eingesetzt. Die Kulturfor-

men entstammen dabei überwiegend aus Regionen mit anderen Umweltbedingun-

gen (teilweise aus Übersee) als dem Ort der Begrünungsmaßnahme. Wild- und Kul-

turformen sind demnach vermutlich an völlig unterschiedliche Umweltbedingungen

angepasst. Durch die Kultivierung der PWanzen ist es zudem wahrscheinlich, dass

Vtnessrelevante PWanzenmerkmale und PWanzenverhalten (im Folgenden life-history

traits) verändert werden, da die Kulturformen nicht der natürlichen, sondern einer

menschlichen Selektion unterliegen.

Das Ausbringen von Kulturformen heimischer PWanzen in die freie Landschaft wird

von Naturschützern, Ingenieurbiologen und ausführende Unternehmen häuVg als

problematisch beurteilt. Die durch die Kultivierung entstandene life-history traits könn-

ten das langfristige Überleben der ausgebrachten PWanzen verhindern und letztlich

den Erfolg der Begrünungsmaßnahmen gefährden. Aus Naturschutzsicht stellt das

regelmäßige Ausbringen großer Mengen an Kulturformen innerhalb des Verbreitungs-

gebietes ihrer Wildformen möglicherweise ebenfalls ein Problem dar. Die aus der Kul-

tivierung hervorgegangenen life-history traits könnten den Kulturformen auch Fit-

nessvorteile verschaUen. Falls sich Kulturformen an ihren Einsatzorten erfolgreich

etablieren und überleben, ist es denkbar, dass sie sich von dort ausbreiten mit evtl.

ungewünschten Folgen für ihre Wildformen und heimische Lebensgemeinschaften.

Es ist zudem davon auszugehen, dass die Kulturformen mit ihren Wildformen hybri-

disieren. Die Auswirkungen derartiger Hybridisierungsereignisse auf life-history traits

der Wildformen und dessen Bedeutung für den Naturschutz sind aber weitestgehend

unbekannt. Insbesondere durch den Mechanismus der Hybridisierung ist das Risi-

ko einer kryptischen Invasion zu befürchten: Wild-, Kulturformen und deren Hybri-

den sind morphologisch vermutlich kaum zu unterscheiden, eine Invasion ist somit

schwer auszumachen. Um den befürchteten Problemen entgegenzutreten, zeichnen

sich in einigen Staaten im Sinne eines Vorsorgeprinzips Entwicklungen in Richtung

einer regionalen Saatgutproduktion von WildpWanzen ab. Ob ein derartiger Lösungs-

ansatz ebenfalls zu unbeabsichtigten und ungewünschten SelektionseUekten führt,

ist derzeit noch unklar.
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Die aufgezeigten Probleme beruhen meist nur auf Annahmen. Das Ziel der vorliegen-

den Arbeit ist, das Wissen darüber zu verbessern, ob das großWächige Ausbringen von

Kulturformen heimischer PWanzen bei Begrünungsmaßnahmen tatsächlich ein Pro-

blem für den Naturschutz und für den Erfolg von Begrünungsmaßnahmen darstellt.

Ein weiteres Ziel ist es, erste Anhaltspunkte zu liefern, ob der Ansatz einer regionalen

PWanzenproduktion geeignet ist, diese Probleme zu reduzieren.

Es wurde der Frage nachgegangen, inwiefern sich die für Begrünungsmaßnahmen ge-

nutzten Kulturformen in ihren life-history traits von ihren Wildformen unterscheiden

und ob sich life-history traits der Wildformen durch Hybridisierung mit ihren Kultu-

ren verändern. Weiterhin wurde in dieser Arbeit untersucht, ob die life-history traits

der Kulturformen und Hybride von Vorteil oder Nachteil für ein Überdauern unter

den klimatischen Bedingungen der Wuchsorte ihrer Wildformen sind und ob die Kul-

turformen und Hybride ihren Wildformen in Konkurrenzsituationen überlegen sind.

Abschließend wurden die Methoden einer regionalen PWanzenproduktion dahinge-

hend betrachtet, ob sie ungewünschte SelektionseUekte in der PWanzenvermehrung

minimieren.

Für die Beantwortung der Forschungsfragen wurden Experimente mit mehreren Kul-

turformen, Wildformen und künstlich erzeugten Wild x Kultur-Hybriden von Plant-

ago lanceolata L. (Spitz-Wegerich) und Lotus corniculatus L. (Gewöhnlicher Hornklee)

durchgeführt. Beide Arten werden sehr häuVg bei Begrünungsmaßnahmen in Mit-

teleuropa eingesetzt. Die Experimente erfolgten in Inkubatoren und im Freiland über

zwei Vegetationsperioden, sowie in Gewächshäusern über eine Vegetationsperiode.

In den Untersuchungen zeigten sich signiVkante Unterschiede in life-history traits

zwischen Kulturformen und ihren Wildformen, die höchstwahrscheinlich auf die Kul-

tivierung selbst zurückzuführen sind. Die Kulturformen zeigten ein signiVkant schnel-

leres und üppigeres Keimungsverhalten, das vermutlich auf eine bewusste Selektion

gegen Samendormanz im Kultivierungsprozess zurückzuführen ist. Die Kulturformen

blühten signiVkant später (P. lanceolata) oder früher (L. corniculatus) als ihre Wild-

formen. Unter ständiger menschlicher Obhut (Gewächshausbedingungen mit ausrei-

chendemWasser- und NährstoUangebot) zeigten Kulturformen im Vergleich zu ihren

WildformenMerkmale eines Gigantismus mit sehr kräftigem und aufrechtemWachs-

tum - kombiniert mit stärkerer vegetativer und generativer Biomasseproduktion. Das

Verhalten der Kulturformen kann, zumindest unter derartig stressfreien Umweltbe-

dingungen, als Fitnessvorteil gegenüber ihren Wildformen interpretiert werden.

In einem zwei Jahre andauernden Experiment unter Freilandbedingungen erlitten die

Kulturformen hingegen deutliche Fitnesseinbußen mit einem Komplettausfall der L.

corniculatus Kulturform und verminderter Produktion vegetativer Biomasse bei P. lan-
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ceolata Kulturformen in der zweiten Vegetationsperiode. Dies ist vermutlich Folge

eines trade-oU. Die menschliche Selektion in Richtung erhöhter Biomasseprodukti-

on während der Kultivierung erfolgte dabei vermutlich auf Kosten der Toleranz ge-

genüber stressigen Umweltbedingungen, in diesem Fall der besonders strenge Win-

ter zwischen den beiden Vegetationsperioden. Unter Einbeziehung einer reduzierten

Samendormanz, ein das Langzeitüberleben einer PWanzenpopulation sichernder life-

history trait, ist demnach von einer schlechten Anpassung der Kulturformen an die

klimatischen Lebensraumbedingungen ihrer Wildformen auszugehen. Diese Situati-

on kann letztlich den Erfolg der Begrünungsmaßnahme gefährden.

Andererseits zeigte sich, dass Hybriden aus Wild- und Kulturformen sich unter Frei-

landbedingungen sehr wohl etablieren und sehr gut entwickeln können (inkl. Heterosis-

EUekt in der generativen Biomassproduktion bei L. corniculatus-Hybriden). Die Hy-

briden haben vermutlich sowohl die Anpassung an lokale klimatischen Bedingun-

gen von ihren Wildformen als auch Gigantismus-Merkmale von ihren Kulturformen

geerbt. Desweiteren zeigten die Hybriden in direkter Konkurrenz gegenüber ihren

Wildformen in einem Freiland-Konkurrenzexperiment eine Überlegenheit in beiden

Versuchsjahren. Demzufolge sind Hybriden potentiell in der Lage, ihre Wildformen

auszukonkurrieren. Das Risiko einer kryptischen Invasion ist auf Grundlage dieser

Ergebnisse relativ hoch bzw. für Arten, deren Kulturformen seit vielen Jahren für Be-

grünungsmaßnahmen eingesetzt werden, bereits erfolgt.

Es ist allerdings nicht auszuschließen, dass künftige Generationen von Hybriden Aus-

kreuzungsdepression entweder durch Rückkreuzungen mit Kultur- und Wildformen

erfahren (hybrid breakdown) oder Hybriden direkt für das Überleben ungeeignete life-

history traits von ihren Kulturformen erben. Beide Szenarien führen zu Fitnessverlus-

ten, was auf lange Sicht auch zu einer natürlichen Selektion gegen Hybride führen

könnte. Davon ausgehend, dass derartige Hybridisierungsereignisse aber permanent

stattVnden, dürfte dies zu einer Gefährdung der Existenz der Wildformen führen, da

das permanente Ausbringen großer Mengen an Kulturformen einer potentielle Rück-

entwicklung in Richtung des Verhaltens der Wildformen entgegensteht.

Am Beispiel des Keimungsverhaltens konnte in dieser Arbeit gezeigt werden, dass

die Sammelmethoden der untersuchten regionalen Saatgutproduktion für die Erhal-

tung von life-history traits von Wildformen geeignet zu sein scheinen. Es gab keine si-

gniVkanten Unterschiede zwischen dem Keimungsverhalten von reinen Wildformen

und deklarierten Wildformen aus Basissammlungen des regionalen Saatgutprodu-

zenten. Andererseits deuten die Ergebnisse Optimierungsbedarf bei der Vermehrung

vonWildpWanzenmaterial an, um ungewünschte SelektionseUekte in life-history traits

(wie z.B. Änderungen im Keimungsverhalten) zu verhindern bzw. zu reduzieren.

12



Summaries

Die Ergebnisse der vorliegenden Arbeit weisen deutlich darauf hin, dass der Einsatz

von Kulturformen heimischer PWanzen bei Begrünungsmaßnahmen sowohl ein Pro-

blem für den Begrünungserfolg als auch für den Naturschutz darstellt. Die skizzierten

Szenarien einer permanenten Hybridisierung und die Gefahr einer kryptischen Inva-

sion sind aus der Sicht des Naturschutzes, dessen Ziel u. a. der Erhalt der inner- und

zwischenartlichen Diversität lokaler Lebensgemeinschaften ist, nicht akzeptabel. Um

in Zukunft die genannten Probleme, die aus der PWanzenverwendung in bisheriger

Form resultieren, zu lindern, werden in dieser Arbeit Handlungsempfehlungen für die

Durchführung von Begrünungsmaßnahmen in der freien Landschaft formuliert.

Es sollte zukünftig sorgfältig geprüft werden, ob eine Begrünungsmaßnahme tatsäch-

lich durch Ansaat oder AnpWanzung durchgeführt werden muss. Sowohl für den Be-

grünungserfolg als auch für den Naturschutz kann die Begrünung durch natürliche

Sukzession vorteilhafter sein als durch den Einsatz von nicht geeignetem PWanzen-

material. Falls jedoch eine Begrünung durch Ansaat oder AnpWanzung notwendig ist,

sollte auf die Verwendung von Kulturformen heimischer Arten zugunsten der Verwen-

dung von Wildformen verzichtet werden. Falls WildpWanzenmaterial eingesetzt wird,

sollten die ErnteWächen und der Einsatzort der WildpWanzen geographisch so nah wie

möglich beieinander liegen und möglichst ähnliche edaphische Faktoren aufweisen.

Falls WildpWanzenmaterial für Begrünungsmaßnahmen vermehrt werden muss, soll-

ten Methoden entwickelt und angewandt werden, um mögliche SelektionseUekte zu

reduzieren.

Trotz der Erkenntnisse aus der vorliegenden Arbeit über die Auswirkungen von Kulti-

vierung und Hybridisierung auf life-history traits heimischer PWanzenarten und erste

Anzeichen von möglichen Auswirkungen auf betroUene WildpWanzenpopulationen,

gibt es noch große KenntnisdeVzite. Es ist dringend notwendig, belastbare Daten über

die Verbreitung und HäuVgkeit des Vorkommens von Kulturformen und Wild x Kul-

tur Hybriden in der freien Landschaft zu gewinnen, um Maßnahmen zum Schutz

von Restpopulationen der Wildformen zu entwickeln. Weitere Forschungen sollten

sich zudem auf die Themenfelder genetische Diversität und phänotypische Plastizität

konzentrieren. Es wird angenommen, dass beide Eigenschaften in Kulturformen im

Vergleich zu ihren Wildformen reduziert sind, mit negativen Folgen für die Anpas-

sungsfähigkeit an sich ändernde Umweltbedingungen. Diese reduzierte Anpassungs-

fähigkeit könnte sich weiterhin durch Hybridisierung auf ihre Wildformen übertra-

gen und somit deren Überlebensfähigkeit reduzieren. Weitere Forschungen sollten

sich zudem darauf konzentrieren, ob weitere als die hier untersuchten life-history

traits sowohl durch die konventionelle Kultivierung als auch durch die regionale Saat-

gutproduktion von WildpWanzen in unerwünschter Weise beeinWusst werden. Dieses
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Wissen ist zwingend notwendig, um Maßnahmen zu entwickeln, die den Zielen ei-

nes nachhaltigen Begrünungserfolges und den Zielen des Naturschutzes zum Schutz

intra- und interspeziVscher Diversität der Landschaft gerecht werden. Die Ergebnisse

der vorliegenden Arbeit liefern dabei belastbare Argumente, die naturschutzfachli-

chen Bemühungen in der Praxis von Begrünungsmaßnahmen weiter auszubauen.

14
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Chapter 1 | Introduction

1.1 Background

1.1.1 Changes in life-history traits of plant species by cultivation

Humans have been cultivating plants for thousands of years (e.g. Renfrew 1969, ac-

cording to Ladizinsky 1985), which has modiVed wild plants’ life-history traits ac-

cording to human interests. For instance, studies with crop species have shown that

cultivated plant varieties (referred to as cultivars) are often selected to allocate more

resources to vegetative growth than their wild relatives (referred to as wilds) and,

thus, they often show a more vigorous and sometimes a more erect vegetative growth

(gigantism, examples in Evans 1996). Furthermore, cultivars are sometimes bred for

higher seed production (McGrath et al. 2010), larger and heavier seeds (Evans 1996),

as well as larger Wowers (van Gaal et al. 1998). Seeds of cultivars often exhibit lower

dormancy and a faster, more abundant germination than their wilds (Harper & Mc-

Naughton 1960; Hilu & Dewet 1980; Adler et al. 1993; Kitchen & Monsen 1994; Meyer

& Kitchen 1994; Snow et al. 1998; Rojas-Arechiga et al. 2001; Wilson & Mecca 2003;

Mercer et al. 2006; Maass & Usongo 2007). Flowering phenology of cultivars often

diUers from that of their wilds, starting either earlier or later and exhibiting longer

or shorter Wowering duration (e.g. Evans 1996; Meek et al. 2004 according to Walker

et al. 2004a). The abovementioned changes of life-history traits caused by plant cul-

tivation are often described as "domestication syndrome" (Harlan 1992, according to

Frary & Doganlar 2003).

These changes in life-history traits that occur during cultivation increase revenue in

agriculture and horticulture. For instance, a more vigorous vegetative growth may

increase pasture or crop yields. Erect growth habits and vigorous growth of grasses

may also facilitate cutting as a hay crop (Akeroyd 1994). Lower seed dormancy in

cultivars is desired to facilitate high germination rates. Additionally, this kind of se-

lection is often promoted by legislation. For instance, the European Seed Regulations

(EEC 1966) require a fast and abundant germination for cultivars to be certiVed and

permitted to be sold as fodder plants. Changes in Wower phenology often occur in

plant species cultivated as ornamentals, e.g. to improve their showy appearance. As

constant uniformity of certain life-history traits is required for certiVcation (e.g. EEC

1994), the changes acquired in life-history traits of cultivars can be assumed as ge-

netically Vxed. Besides the desired changes for economic reasons, other changes in

life-history traits, as a result of physiological trade-oUs, may occur. The theory of

physiological trade-oUs is based on the assumption of a proportional distribution of

resources to the allocation for competing traits (Lloyd 1988; Thiele et al. 2009). Re-

sources that are invested in one trait are therefore not available for other traits. For
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instance, a selection for leaf gigantism traits in cultivars of Trifolium repens is neg-

ative correlated with Wower-head production (Annicchiarico & Piano 1997, further

examples in Obeso 2002).

In addition to speciVc selections for economically important life-history traits and

linked trade-oUs, cultivars presumably diUer from their wilds in their adaptation to

environmental conditions of their habitat. Contrary to their wilds, cultivars are grown

under permanent human care without suUering from resource limitation, such as nu-

trients or water deVciency. Additionally, cultivars often derive from far distant prove-

nances, sometimes even from another continent, which exhibit considerably diUerent

climatic conditions compared to habitats of their wilds. In conclusion, cultivars are

often adapted to entirely diUerent environmental conditions than their wilds and are

subjected to human selection rather than selection by natural environmental condi-

tions.

1.1.2 Cultivated varieties intended for use in re-vegetation

For several decades cultivars have not only been produced for agriculture and horti-

culture, but also for re-vegetation measures (in this term I include all kinds of green-

ing measures in landscaping, restoration and soil-bioengineering). Generally, native

plants are assumed to be well-adapted to the environmental conditions of the re-

vegetation sites (e.g. Smith et al. 2007) and, therefore, the demand for native plants

intended for use in re-vegetation has been increasing. However, the demand for na-

tive seeds for re-vegetation could not be met by collecting seeds of local wild plants,

at least in Central Europe. Cultivation and mass-production of native plants are of-

ten more cost eUective than collecting seeds from wild habitats. Thus, a commercial

native plant production (i.e. cultivars of wild plant species) and seed market has been

established in Central Europe and continues to grow where cultivars of native plants

have been used for several decades in re-vegetation (cf. Posselt 2000).

The amount of annually introduced cultivars of native plant species for re-vegetation

is largely unknown. However, during 2007 and 2008, approximately 13.700 tons of

cultivated grass seeds and 280 tons of cultivated herb seeds were imported to Ger-

many from both EU and non-EU countries (German Federal OXce for Agriculture

and Food, personal communication) and subsequently released into the environment.

In the USA 2.9 million ha of cultivars of native grass species were established on for-

mer cropland in 2007 through the USDA Conservation Reserve Program (USDA 2007

according to Lambert et al. 2011). This situation may nationally be intensiVed by

legislation concerning the trading of plant material. For instance, up to now, the Ger-
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man Seed Directive has restricted the trade of a large number of native plant species

to their cultivars only in order to ensure high quality of seeds and to protect certiVed

plant variety rights (However, this regulation has been loosened recently, allowing

the trade of small quantities of wilds, see BMELV 2011). Consequently, vast amounts

of cultivars are annually released into the semi-natural range of their wild relatives

(Lambert et al. 2011). From a plant ecology perspective, this situation can be regarded

as a permanent and strong propagule pressure by human inducted “seed rain”.

Introducing vast quantities of non-native plants (such as cultivars of native plants)

into the landscape is considered undesirable by nature conservationists, soil bioengi-

neers, and companies involved in re-vegetation (Rogers & Montalvo 2004; Broadhurst

et al. 2008; Laikre et al. 2010; Vander Mijnsbrugge et al. 2010; Byrne et al. 2011). This

kind of plant use can probably represent both a problem for the re-vegetation success

and a problem for nature conservation.

Central European soil-bioengineers observed already decades ago that plants from

diUerent origins or from nurseries often seemed poorly adapted to the environmen-

tal conditions they encountered after being released (e.g. Stiny 1908, and later Hiller

1999 according to Hiller & Hacker 2001; Molder 2000; Krautzer et al. 2011). Assuming

that natural selection selects for the best traits for surviving in a particular environ-

ment, human selection during cultivation focuses only on a few traits, if not only on

a single trait. The abovementioned domestication syndromes in plants produced for

agricultural or ornamental purposes are of minor relevance, as these plants are kept

under more or less constant human supervision. Undesirable eUects such as that ap-

peared as trade-oU for economically desirable life-history traits could be accounted

for by human care. On the contrary, plant material used for re-vegetation should

survive without constant or regular human treatment. For the long-term survival of

these plants, changes in life-history traits by cultivation might be maladaptive and,

therefore, can threaten the re-vegetation success. For instance, the life-history trait

of seed dormancy is seen as a bet-hedging strategy that allows plant populations to

spread the risk of extinction over time (Slatkin 1974; Venable & Brown 1988; Rees

1994; Evans & Dennehy 2005; Satterthwaite 2010). A reduction of seed dormancy will

probably reduce the ability of a population to maintain its long-term existence.

In addition to being a potential threat to the re-vegetation success, introducing vast

amounts of cultivars may represent a problem for nature conservation. The amount of

introduced cultivar seeds may be as large as or larger than the amount of progenies,

which are annually produced by their wilds. This situation may result in a numerical

advantage of cultivars over their wilds. Wilds and cultivars likely come into contact
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due to the strong “seed rain” of cultivars from re-vegetation projects. The interaction

of wilds and cultivars as well as numerical advantages of cultivars might aUect po-

pulations of wilds, further plant species in native vegetation as well as organisms in

higher trophic levels of local ecosystems in undesirable ways.

Life-history changes induced by cultivation may make cultivars less Vt or even Vtter

than wilds. An increased Vtness may persist outside the protected environment of a

nursery, i.e. the harsher environment of the re-vegetation site. If cultivars are Vtter

they will invade and take over wild populations of the same species, resulting in un-

desirable changes in community structures of native vegetation. It has been shown

that a fast and abundant germination is linked to invasive occurrence of cultivars in

native vegetation outside the natural range of their wild relatives (Chrobock et al.

2011). For example, the Japanese shrub Ardisia crenata, bred for ornamental purposes,

invaded North-American hardwood forests, likely due to changes in leaf architecture

by cultivation eUorts, which enhanced its competitive ability (Kitajima et al. 2006).

Assuming that cultivars are selected for more vigorous and erect growth, they may

outcompete their wilds because tall plants often exhibit greater competitive abilities

than smaller plants (Grime 1977; Goldberg 1987). There is already some evidence

that invading cultivars can threaten the existence of wilds. For instance, in north-

ern Spain (Galicia) cultivars of Dactylis glomerata, introduced for hay production in

the 1970’s and hybrids with their wilds have displaced the wild populations of this

species (Lumaret 1990). A similar phenomenon has been assumed for Lolium perenne

in Britain (Warren et al. 1998) and L. multiWorum in Switzerland (Peter-Schmid et al.

2008), whose cultivars have been introduced due to grassland melioration for several

decades. The numerical advantage of introduced genotypes over conspeciVc local re-

latives is generally known as cryptic invasion (e.g. Saltonstall 2002). The invasion is a

cryptic one, because the introduced genotypes (such as cultivars) and the local wilds

are often diXcult to separate from another and the invasion is therefore not detected

immediately (HuUord & Mazer 2003). Hence, a cryptic invasion can derive due to re-

placements of wilds by cultivars exhibiting Vtness advantages (e.g. larger competitive

abilities); or the numerical dominance of cultivars over their wilds is a result of the

permanent and strong "seed-rain" from re-vegetation activities.

Hybridization between wilds and cultivars has been observed frequently (Ellstrand et

al. 1999; Ellstrand 2003) and can create further weaken of wild populations. Intraspe-

ciVc crossings and back-crossings between cultivars and their wilds have been demon-

strated mainly for crop species (e.g. Ellstrand 2003; Magnussen & Hauser 2007). The

same phenomenon may occur in species used for re-vegetation measures. There is a

high probability of hybridization between cultivars and their wilds as vast amounts
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of cultivars are released into the environment each year. These hybridizations are

certainly not a single event. Gene Wows over long time periods in both directions,

both from cultivars to their wilds and vice versa, are likely. The eUects of such hy-

bridizations on the existence of wilds have been shown for a woody species in Central

Europe. Large scale and long-term hybridizations between wilds of Populus nigra and

introduced cultivars (e.g. Populus x canadensis) have threatened the existence of the

wild genotype (example from Belgium: Vanden Broeck et al. 2004). Meanwhile, pure

stands of wild Populus nigra individuals are diXcult to detect in large areas of Central

Europe.

However, the ultimate eUect of cultivars on their wilds depends on how cultivars

aUect the Vtness of the related wild populations (Ellstrand 2003). Carry-over of mal-

adaptive life-history traits or trade-oUs developed by cultivation towards wilds by

hybridization might result in reduced Vtness and potentially reduced survival. This

phenomenon, called outbreeding depression, is already known from studies on in-

traspeciVc hybridization between wild plants used in re-vegetation, which originated

from geographically distant populations (Waser & Price 1994; Keller et al. 2000; Mon-

talvo & Ellstrand 2000; Cremieux et al. 2010). Outbreeding depression is caused

by two principle mechanisms: the environmental component and the physiological

component. The mechanism of the environmental component is represented by the

dilution of local adaptation. This dilution is caused by inheritance of life-history traits

or occurring trade-oUs, which do not provide a suitable adaptation to local environ-

mental conditions. Outbreeding depression by physiological mechanisms is known as

hybrid breakdown due to disruption of co-adapted gene complexes via recombination

with parental genotypes (Lynch 1991; HuUord & Mazer 2003). Hence, if introduced

cultivars and local wilds are adapted to diUerent environments, the Vtness of hybrid

progeny could decrease because of a 50% dilution of the genome of the local wild

population following hybridization (HuUord & Mazer 2003). Over the long-term this

permanent Vtness reduction by hybridization will likely threaten the existence of af-

fected wild populations.

Otherwise, hybrids of cultivars and their wilds may be Vtter than their wild pa-

rents. This has been shown in hybrids of crop species and their wild progenitors

(e.g. Raphanus sativus: Klinger & Ellstrand 1994; Oryza sativa: Langevin et al. 1990;

Helianthus annuus: Mercer et al. 2006; Mercer et al. 2007). Fitness advantages over

their wilds have already been assumed in wild x cultivar hybrids detected in a re-

stored prairie-grassland in North-America, which was established with seeds i.a. from

a cultivar of Andropogon geradii (Gustafson et al. 2004). The underlying mechanism

of an enhanced Vtness of hybrids is often a heterosis eUect. Heterosis can occur
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if hybridization occurs between individuals from populations, which are genetically

impoverished because of drift or inbreeding (HuUord & Mazer 2003). As there is

some evidence that cultivars are genetically impoverished due to selection by breed-

ing (Bennett 1970; Ladizinsky 1985), similar eUects of heterosis may be suspected in

hybrids with their wilds. Whether such evolved enhanced Vtness in hybrids between

cultivars for re-vegetation and their wilds might really occur has not been studied

before. Such research is essential to evaluate whether heterosis in hybrids will re-

sult in increased competitive abilities. Similar to cultivars, wild x cultivar hybrids can

threaten the existence of wild populations or lead to undesirable changes in native

vegetation.

Assuming that cultivars and evolving hybrids diUer in life-history traits and assuming

that they will survive at the re-vegetation sites and probably will increase their range;

cultivars and hybrids may not only have undesirable eUects on populations of wilds

and native plant community structure, but also may have eUects on organisms of

higher trophic levels of local ecosystems. DiUerent Wower onset of cultivars has been

observed for cultivars used in agriculture as well as cultivars used in re-vegetation.

Often cultivars Wower earlier or later than their wild relatives (e.g. Trifolium repens,

Meek et al. 2004 according to Walker et al. 2004a). Changes in Wower phenology by

cultivation might result in temporal mismatch between main occurrences of pollina-

tor taxa and Wower onset. This may result in lower reproductive output of aUected

plant species (RaUerty & Ives 2012) and/or shifting in aUected invertebrate communi-

ties.

1.1.3 Initial approaches in the practice of re-vegetation to mitigate indicated
problems

Despite the uncertainties regarding unintended and undesirable eUects that may de-

velop from carrying out re-vegetation with cultivars, some eUort in the conservation

of wild plant species and in order to increase the re-vegetation success have been

done yet by applying a precaution. Seed provenance zones were developed mainly in

Australia, North America and Europe to avoid the re-introduction of poorly adapted

plant material (e.g. Waters 2001; Johnson et al. 2010; Prasse et al. 2010; Malaval et

al. 2010). These zones are deVned as geographic areas within which plant material

can be moved freely with little disruption of genetic patterns or loss of local adapta-

tion (Miller et al. 2011). While seed zones represent a practice that has been used in

forestry for several decades, the application of this approach for re-vegetation mea-

sures involving herbaceous plants and grasses began only a few years ago (McKay et
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al. 2005; Vander Mijnsbrugge et al. 2010; Miller et al. 2011). For instance, in Germany

22 seed provenance zones have been delineated based on natural regions, climatic and

geological criteria (Prasse et al. 2010). In these seed zones, regionalized propagation

of common wild plant species occurs (in addition to the direct transfer of wild plants

from a donor- towards a re-vegetation site). Thereby, seeds are collected from wild

plant populations, propagated for a few generations on farms and subsequently used

for re-vegetation measures within the particular seed zone. A regionalized seed pro-

duction aims to minimize cultivation eUects in the propagation of wilds. However,

it is likely that human invention like collection and propagation will still change the

life-history traits. For instance, it is known from ex situ conservation eUorts in botanic

gardens (Ensslin et al. 2011) and seed banks (Schoen & Brown 2001) that unintended

selection against dormant seeds might occur. Similar eUects of unintended human

selection can therefore also be assumed in a regionalized seed production.

1.2 Objectives and structure of thesis

The relevance of the origin of plant material for re-vegetation success and nature con-

servation has been studied for several years (e.g. Keller et al. 2000; McKay et al. 2005;

BischoU et al. 2006b; BischoU et al. 2008). These studies predominantly focused on the

provenance eUect on life-history traits of native plants originated from diUerent pure

wild populations. Surprisingly, hardly any study addressed the eUect of the intro-

duction of cultivars in re-vegetation on populations of their wild relatives and tested

for these eUects in-situ (but see Gustafson et al. 2004). Similarly, an evaluation of

the relevance of such eUects for nature conservation and the practice of re-vegetation

has not been carried out. Abovementioned changes of life-history traits of native

plant species by cultivation as well as the eUects of cultivars on their wilds are based

mainly on assumptions as these eUects have primarily been studied for crops and

garden varieties. Research is urgently needed to identify whether negative eUects on

wild relatives might really occur and whether the use of cultivars may threaten the

re-vegetation success in order to develop approaches to mitigate possible problems.

Additionally, no studies have been found, which test whether the regionalized seed

production may also have undesirable eUects on life-history traits of wild plants. This

knowledge is essential to develop collection and propagation strategies, which will

minimize cultivation eUects in a regionalized seed production for re-vegetation.

Thus, the overall aim of the PhD thesis was to improve knowledge on whether the

large-scale introduction of cultivars of native plant species in re-vegetation is a pro-

blem for nature conservation and re-vegetation success. Another aim was to inves-
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tigate whether a regionalized seed production might mitigate undesired cultivation

eUects. The main objectives of the presented PhD thesis are as follows:

• Do cultivars used in re-vegetation diUer from their wilds in life-history traits?

• Do life-history traits of wilds change through hybridization with cultivars?

• Do life-history traits in cultivars and hybrids represent advantages or disadvan-

tages for the performance under natural climatic conditions of a wild’s habitat?

• Do cultivars and hybrids have the ability to outcompete their wilds?

• Does regionalized seed production apply appropriate methods to minimize cul-

tivation eUects in the propagation of wilds?

The results of the thesis are presented in four articles, of which two are already pub-

lished in or accept to peer-reviewed international journals.

Chapter 2 (article I) addresses the question whether cultivars and their wilds diUer

in germination behavior, as this life-history trait is known to be one of the most im-

portant characteristics securing long-term existence. I tested whether assumed dif-

ferences may be transferred into the next generation and whether such changes in

cultivars may be transferred into wilds by hybridization.

In Chapter 3 (article II) diUerences in morphological traits and Wower onset between

cultivars, their wilds, and evolving hybrids are presented. I tested whether cultivars

are selected towards high vegetative and generative yield, which may enhance their

Vtness. I tested whether wild x cultivar hybrids show eUects of outbreeding depres-

sion or heterosis. I furthermore investigated whether assumed enhanced Vtness due

to enhanced biomass production in cultivars might also persist outside the favorable

environmental conditions of a nursery under local climatic conditions of a typical

wild’s habitat in Central Europe.

Chapter 4 (article III) addresses the question whether cultivars as well as wild x culti-

var hybrids have the ability to outperform their wilds, driving the assumption that hu-

man selection in cultivars towards larger biomass allocation with vigorous and erect

growth habits may result in competitive superiority over their wilds.

Chapter 5 (article IV) addressed the question whether regionalized seed production

can aUect germination behavior of wilds by selecting towards fast and abundant ger-

mination. Using seeds from a regionalized seed production, I investigated whether

collecting seeds of wilds and propagating them for one generation may be an eUective
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measure to preserve wilds’ germination behavior. Additionally, I tested whether there

are diUerences in germination behavior between seeds propagated by a regionalized

seed producer and cultivar seeds derived from standard commercial seed production.

Chapter 6 presents a synthesis of the main results of the study, which are subse-

quently discussed in chapter 7. Finally, chapter 8 draws conclusions, including impli-

cations for the practice of re-vegetation as well as an outlook towards further neces-

sary research.

1.3 Approach

All objectives were tested experimentally using incubators, common garden, and

greenhouse experiments. Two species with diUerent pollination mechanisms and

diUerent germination strategies, both commonly propagated in nurseries and used

for re-vegetation in Central Europe (i.e. components of frequently used seed mix-

tures) were selected for the studies. Plantago lanceolata L. (ribwort plantain, Plantag-

inaceae) and Lotus corniculatus L. (birdsfoot trefoil, Fabaceae) are both hemicrypto-

phytes, are abundant in a wide range of habitats and are distributed over large parts

of the northern hemisphere. P. lanceolata is wind-pollinated and self-incompatible

(Sagar & Harper 1964; Cavers et al. 1980). L. corniculatus is an insect-pollinated and

a predominantly outcrossing species (Jones & Turkington 1986). The wild plants of

both species exhibit seed dormancy. P. lanceolata seeds display a partially non-deep

physiological dormancy (Sagar & Harper 1964; Blom 1978; van Groenendael 1985a;

Pons 1992, classiVcation of Baskin & Baskin 2004), while for seeds of L. corniculatus a

physical dormancy is apparent (van Assche et al. 2003).
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Chapter 2 | Cultivation eUects on natives’ germination behavior

Abstract

Native plants are increasingly used for re-vegetation and restoration. These plants are

cultivated for several generations at plant nurseries and often they are of unknown

provenance. Therefore, cultivated plants often diUer from their wild progenitors in

life-history traits. Using germination behavior as example, we tested the assump-

tion that cultivated plants have diUerent life-history traits than their uncultivated

progenitors. Cultivated as well as wild individuals of Plantago lanceolata and Lotus

corniculatus, two species frequently used in re-vegetation, were tested in a common

garden experiment as well as in incubators for their germination behavior. We ob-

served signiVcantly faster and more abundant germination in cultivated varieties.

Using artiVcial crossings we found that also hybrids of cultivated varieties and wild

relatives germinate faster and more abundant than the wilds. As wild plants acquire

their life-history traits by natural selection, we have to assume that they represent

the optimal adaptation to the environmental conditions. If these traits are changed

by cultivation or by hybridization between cultivated varieties and local populations,

the long-term survival probabilities of local populations may be altered. Therefore,

the use of cultivated varieties of native plants should be avoided in re-vegetation.
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Chapter 3 | From nursery into nature

Abstract

Cultivated varieties may have life-history traits which are very diUerent to those of

their wild progenitors. Changes in life-history traits due to cultivation may not be

desirable for plant material used for re-vegetation, as these plants may be adapted

to constant human care and lack the Vnely tuned trade-oU that allows wild plants

to cope with the often harsh and heterogeneous environmental conditions outside

of nurseries. Research is needed to identify diUerences in life-history traits between

cultivated varieties used in re-vegetation and restoration and their wild relatives. If

such traits are changed by cultivation, it is necessary to examine if they will persist

also at the re-vegetation site and may be transferred to wild relatives by hybridization

as that may reduce their survival or lead to undesirable changes on local ecosystems.

In this study we examined whether cultivated varieties of Plantago lanceolata and Lo-

tus corniculatus, two species frequently used in re-vegetation and restoration projects,

diUer from their wild relatives in morphology or Wower phenology and whether diUer-

ences could be transferred into wild relatives by hybridization. We tested if cultivated

varieties are bred for high vegetative and generative yield in greenhouse studies. In

common garden experiments we studied if enhanced biomass production is also per-

sistent under the climatic conditions of the wild plant’s natural habitat in Central

Europe. Additionally, we tested if hybrids show eUects of outbreeding depression or

heterosis. The cultivated varieties of both species grew very vigorously and showed

a more erect growth pattern than their wild relatives. The cultivated varieties seem

to be selected towards high vegetative and generative yield. However, if exposed to

local climatic conditions, cultivated varieties suUered a Vtness loss with a complete

mortality for the L. corniculatus cultivar and a reduced vegetative biomass production

for P. lanceolata cultivars. Otherwise, we detected heterosis eUects in hybrids for sur-

vival and generative biomass production in L. corniculatus and number of leaves in

P. lanceolata. As it remains unclear whether hybridizations might result in strongly

competitive genotypes or disturb the local adaptation of wild plant populations and

cultivated varieties may threaten the re-vegetation success, the large-scale use of cul-

tivated varieties of native plants should be avoided in re-vegetation and restoration.
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Chapter 4 | Competitive superiority of cultivars and hybrids?

Abstract

Vast amounts of cultivars of native plants are annually introduced into the semi-

natural range of their wild relatives for re-vegetation and restoration. As cultivars are

often selected towards enhanced biomass production and might transfer these traits

into wild relatives by hybridization, it is suggested that cultivars and the wild x culti-

var hybrids are competitively superior to their wild relatives. The release of such va-

rieties may therefore result in unintended changes in native vegetation. In this study

we examined for two species frequently used in re-vegetation (Plantago lanceolata

and Lotus corniculatus) whether cultivars and artiVcially generated intra-speciVc wild

x cultivar hybrids may produce a higher vegetative and generative biomass than their

wilds. For that purpose a competition experiment was conducted for two growing sea-

sons in a common garden. Every plant type was growing (a.) alone, (b.) in pairwise

combination with a similar plant type and (c.) in pairwise interaction with a diUer-

ent plant type. When competing with wilds cultivars of both species showed larger

biomass production than their wilds in the Vrst year only and hybrids showed larger

biomass production than their wild relatives in both study years. As biomass produc-

tion is an important factor determining Vtness and competitive ability, we conclude

that cultivars and hybrids are competitively superior their wild relatives. However,

cultivars of both species experienced large Vtness reductions (nearly complete mor-

tality in L. corniculatus) due to local climatic conditions. We conclude that cultivars

are good competitors only as long as they are not subjected to stressful environmental

factors. As hybrids seemed to inherit both the ability to cope with the local climatic

conditions from their wild parents as well as the enhanced competitive ability from

their cultivars, we regard them as strong competitors and assume that they are able

to outperform their wilds at least over the short-term. Therefore, as a precaution it is

strongly recommend to avoid the use of cultivated varieties in re-vegetation.
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Chapter 5 | EUects of a regionalized seed production

Abstract

Cultivated varieties of native plants are increasingly used for restoration. Life-history

traits which are acquired by natural selection in wild plants, like germination, are

likely changed when plants are cultivated. Altered life-history traits in introduced

cultivated varieties may result in the reduction of long-term viability or enhance their

invasion potential. Standard seed production (SSP) frequently uses native seeds from

distant provenances and these seeds are cultivated for numerous generations. A re-

gionalized seed production (RSP) aims to preserve wild´s life-history traits. In this

study we compared the germination rates of (a) declared wild seeds (F0) and their sub-

sequent propagated generation (F1) from RSP, (b) seeds derived from SSP methods,

and (c) seeds collected from the wild in order to test whether RSP methods preserve

natural germination rates. We tested the germination behavior of Plantago lanceolata

and Lotus corniculatus, two species frequently used in re-vegetation. F0-seeds of both

species from RSP did not diUer in germination behavior from wild seeds. Cultivated

varieties from SSP germinated signiVcantly faster and had a higher total germination

for both species. While F1-seeds of P. lanceolata did not diUer from their F0-seeds,

F1-seeds of L. corniculatus germinated signiVcantly faster and were more abundant

than their F0-seeds. Whereas RSP methods seemed to preserve natural germination

behavior in P. lanceolata, we observed unintended selection against seed dormancy

and slow germinating seeds during propagation of L. corniculatus. Applying appropri-

ate methods in all parts of harvesting and propagation activities (e.g. scariVcation) is

important to preserve life-history traits of wild populations for restoration activities.
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Chapter 6 | Synthesis of results

Do cultivars used in re-vegetation diUer from their wilds in life-history traits?

I detected signiVcant diUerences in characteristics of life-history traits between cul-

tivars and their wilds in both study species P. lanceolata and L. corniculatus. Seeds

of cultivars germinated signiVcantly faster and more abundantly than seeds of their

wilds. These diUerences in germination behavior were consistent both in the F0-

generation as well as the F1-generation of the tested seeds. F0- as well as F1-seeds of

P. lanceolata cultivars were signiVcantly larger than seeds of their wilds. Seed weight

of the wild L. corniculatus was signiVcantly larger in the F0-generation, whereas the

cultivar seeds showed larger weights in the F1-generation. F0-cultivars of both species

exhibited considerable gigantism characteristics. They grew vigorously, showed a

strong erect growth pattern with signiVcantly longer leaves (P. lanceolata) and shoots

(L. corniculatus), but lower number of leaves and shoots, respectively, than their wilds.

F0-cultivars began to Wower signiVcantly later (P. lanceolata) or earlier (L. corniculatus)

than their wilds. In both species F0-cultivars produced signiVcantly more vegetative

and generative dry biomass than their wilds if exposed to stress-less environmental

conditions and human care (greenhouse conditions in a competitively free environ-

ment with suXcient supply of water and nutrients).

Do life-history traits of wilds change through hybridization with cultivars?

By carrying out artiVcial crossings, I showed that life-history traits of cultivars could

be transferred into their wilds by hybridization. F1-seeds of wild x cultivar hybrids (♀=

wild, ♂= cultivar) germinated signiVcantly faster and more abundantly than seeds of

“parental” wilds’ progeny. Hybrids predominantly showed an intermediate growth

habit with less erect growth than their cultivated parents but signiVcantly more erect

growth than their wild parents. Heterosis occurred for leaf number per plant in P.

lanceolata hybrids.

Do life-history traits in cultivars and hybrids represent advantages or disad-
vantages for the performance under natural climatic conditions of a wild’s
habitat?

The results showed that cultivars of the F1-generation exhibited higher biomass pro-

duction in the Vrst growing season of the common garden experiment, but wilds

exhibited higher biomass production in the second growing season. Similar to tested

F0-plants in the greenhouse, F1-cultivars of both species produced signiVcantly more

biomass than F1-wilds if exposed to natural climatic conditions of their wild’s habitat

in the Vrst growing season of the common garden experiment. However, F1-cultivars
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showed worse performance in the second year of study with a 100% mortality of

the L. corniculatus cultivar and reduced vegetative biomass production in P. lanceo-

lata cultivars compared to their wilds. Survival of P. lanceolata cultivars and wilds of

both species was 100%. Other than parental cultivars, hybrids of both species com-

pletely survived and did not show a reduction in biomass production. In contrast, I

detected strong heterosis eUects for L. corniculatus hybrids for survival and generative

biomass production in the Vrst growing season. Heterosis in hybrids of this species

was also assumed for vegetative biomass production in the second growing season of

the common garden experiment. There were no indications of outbreeding depression

in hybrids of both study species.

Do cultivars and hybrids have the ability to outperform their wilds?

In competition with their wilds (between-type competition), cultivars of both study

species performed better than their wilds in the Vrst season of the common garden-

competition experiment, but did not in the second growing season. In competitive

interactions with their wilds cultivars of both species produced more vegetative and

generative biomass in the Vrst growing season. There was no diUerence in biomass

production of P. lanceolata cultivars and their wilds in the second growing season.

Survival in P. lanceolata wilds and cultivars was >90% regardless of the identity of

competing neighbors. L. corniculatus cultivar individuals showed a high mortality

(83%), regardless of the presence or identity of competing neighbors in the second

growing season. In competition with their wilds (between-type competition), hy-

brids of both species performed better than their wild relatives. Hybrids of both

species tended to produce more vegetative and generative biomass than their wild

relatives in both growing seasons. Additionally, hybrids in competition with their

wilds (between-type competition) produced more biomass than in competition with

hybrids (within-type competition, P. lanceolata in the second growing season, for L.

corniculatus in both growing seasons). In both species survival of hybrids was larger

than 90%.

Does regionalized seed production apply appropriate methods to minimize
cultivation eUects in the propagation of wilds?

Testing the eUects of a regionalized seed production on the germination behavior of

native plants the results showed that seeds of both study species collected from the

regionalized seed producer (in this chapter, hereafter F0-seeds) did not diUer in ger-

mination behavior from pure wild seeds. F0-seeds showed a signiVcantly slower and
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less abundant germination than seeds from cultivars from standard seed production.

Results of the germination behavior of F0-seeds and seeds from the following plant

generation propagated by the regionalized seed producer (in this chapter, hereafter

F1-seeds) diUered between the species. For P. lanceolata the F1-seeds did not diUer

signiVcantly from their F0-seeds. F1-seeds of L. corniculatus germinated more quickly

and abundantly than the F0-seeds and did not diUer from fast and abundantly ger-

minating seeds of cultivars from standard seed production.
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The results of my studies showed considerable diUerences between wilds of native

plant species and their cultivars in characteristics of life-history traits. The fast and

abundant germination behavior (indicating reduction of seed dormancy), gigantism

characteristics such as erect and vigorous growth as well as enhanced biomass pro-

duction with larger leaves (P. lanceolata) and shoots (L. corniculatus) in cultivars are

most likely a result of selection by cultivation rather than a function of environmental

eUects of their geographical origin (i.e. maternal eUects). I minimized possible ma-

ternal eUects by testing also F1-individuals whose parental F0-generation was grown

under identical environmental conditions. Therefore, changes in life-history traits by

cultivation are considered to be genetically Vxed.

I interpret these gigantism characteristics including enhanced vegetative and ge-

nerative biomass production as Vtness advantage of cultivars over their wilds under

conditions of human care and at least temporarily under local climatic conditions of

a wild’s habitat. Cultivars were Vtter than their wilds in the Vrst growing season

of the experiment under local climatic conditions in a competition-free environment.

However, cultivars suUered Vtness losses compared to their wilds by the end of the

experiment in the second growing season. Especially the complete mortality of the

L. corniculatus cultivar during winter between studied seasons indicated very poor

adaptation to local climatic conditions. Cultivars most likely suUered from strong

frost events in this winter with exceptionally high number of days of temperature

permanently below 0°C. In contrast, all wild individuals of L. corniculatus survived.

Local climatic conditions had no eUect on the survival of P. lanceolata cultivars. How-

ever, the strong winter might be seen as a reason for the reduction of vegetative

biomass production of P. lanceolata cultivars during the second growing season com-

pared to their wilds. Especially for the L. corniculatus cultivar I assume a trade-oU in

life-history trait manifestation. Human selection towards large biomass production

may in this case have included a selection against the ability to tolerate stressful en-

vironmental conditions due to changes in resource allocation. A similar reduction of

frost resistance has been shown in cultivated Daucus carota ssp. sativus in compari-

son to parental wild Daucus carota ssp. carota (Hauser 2002). Such trade-oUs can also

result in loss of resistance to pests (e.g. Lolium multiWorum, Boller et al. 2009).

These results indicate that life-history traits of cultivars can provide characteristics

for a successful re-vegetation; but only over the very short-term. Fast and abun-

dant germination, combined with fast and vigorous growth enhance the development

of re-vegetation sites (e.g. development of a sward or greening at roadside verges).

However, a reduction of seed dormancy by cultivation and the occurrence of further

maladaptive trade-oUs can decrease the ability of long-term survival under environ-
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mental conditions without human care. I suggest that wild plant species most likely

cope better with local climatic conditions than their cultivars over the long-term.

Thus, cultivars are not appropriate for long-term re-vegetation success.

The results of the competition experiment showed that cultivars in competition with

wilds (between-type competition) produced higher biomass than their wilds over the

short-term. Gigantism characteristics developed by cultivation therefore resulted in

a competitive superiority over their wilds, at least in the Vrst growing season. Fitness

losses in cultivars (up to nearly complete mortality in L. corniculatus cultivar during

winter) by the end of the second growing season occurred regardless of competition

treatments, both with and without competition as well as regardless of the type of

competing neighbors (wild, cultivar or hybrid). Hence, similar to the performance

in a competition-free environment, cultivars may be Vtter and may be competitively

superior over their wilds until the occurrence of stressful environmental factors.

Other than cultivars, hybrids tended to exhibit Vtness advantages over their wilds in

both growing seasons under local climatic conditions, regardless of the existence of

competing neighbors. I assume that hybrids inherited both tolerances to local cli-

matic conditions from their wild parents as well as the ability to enhanced biomass

allocation from their cultivated parents. As hybrids in competition with their wilds

(between-type competition) were Vtter than wilds and between-type competition al-

ways tended to be lower than within-type competition (hybrid vs. hybrid) it can be

suggested that hybrids are competitively superior to their wilds. Thus, from a the-

oretical perspective I assume that especially hybrids have the ability to outperform

their wilds, potentially resulting in competitive exclusion of the latter over the long-

term. Otherwise, it is also possible that following generations of hybrids may suUer

from outbreeding depression due to backcrosses with parental cultivars and wilds

(hybrid breakdown, HuUord & Mazer 2003), which will result in Vtness reduction. Al-

ternatively, outbreeding depression can occur if evolving hybrids directly inherit more

maladaptive life-history traits or maladaptive trade-oUs from parental cultivars, prob-

ably resulting in reduced Vtness (Hauser 2002) and reduced competitive abilities. This

situation may lead to natural selection against hybrids over the long-term. Assuming

permanent hybridization, such selection subsequently might threaten the existence

of “wild populations”, because re-evolving towards wilds’ behavior (see Levin 2001)

will be countered by the vast amounts of permanently introduced cultivars.

The results of my studies showed that some relevant traits for a successful invasion

are produced during cultivation and may be handed over into future plant genera-

tions. Although it is not possible to predict the ultimate fate of cultivars and hybrids
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within the semi-natural range of their wilds, I assume that over the long-term the

risk of cryptic invasion of cultivars, especially by the mechanisms of hybridization

is high or already has happened. The survival, successful reproduction (especially

heterosis for generative biomass production in L. corniculatus hybrids) and compe-

titive superiority of hybrids as shown in in the presented studies will multiply the

human inducted “seed rain” of undesirable plant material and therefore increase the

probability of cryptic invasion or result in undesirable changes in native vegetation.

These scenarios represent a fundamental problem for nature conservation aiming at

the conservation of intra- and interspeciVc diversity of local ecosystems (Laikre et al.

2010; Byrne et al. 2011).

Another problem for nature conservation might occur, if large scale establishment

of cultivars and evolving hybrids will aUect organisms on higher trophic levels. I

detected changes in Wower phenology of both study species by cultivation and hy-

bridization. Cultivars started Wowering about two weeks earlier (L. corniculatus) or

about three weeks later (P. lanceolata) than their wilds and this behavior could par-

tially be transferred into wilds by hybridization. Whether a shifting in Wower phe-

nology is persistent in future plant generations and whether this situation has un-

desirable eUects on plant-pollinator interactions is highly speculative. Mismatches

in pollinator interactions and their demographic consequences on both the pollina-

tor species and aUected plant populations can be assumed. For instance, it has been

shown that changes towards earlier Wowering may have reproductive cost for plants

due to temporal mismatch of pollinator taxa and Wower onset (RaUerty & Ives 2012).

Research is urgently needed to test for these eUects and to test whether shifting in

Wower phenology by cultivation and hybridization may have undesirable eUects on

e.g. invertebrate species and communities.

A regionalized seed production may be an approach in order to reduce cultivation

eUects in native plant species propagated for use in re-vegetation. The results out of

my studies, testing the eUect of a regionalized seed production on the germination

behavior of wilds, indicate that this approach partially seems to be appropriate for

conserving life-history traits of wild plant species. In both species I did not detect

a signiVcant diUerence in germination behavior between pure wild seeds (from own

collections) and declared wild seeds (F0-seeds) from regionalized seed production. I

conclude that collecting and storing of wild seeds as carried out by the regionalized

seed producer seemed to preserve germination behavior of wild plants. Otherwise,

the Vndings of the study indicate that the propagation of wild seeds as carried out

by the regionalized seed producer seemed to aUect germination behavior at least in

L. corniculatus. Already after just one generation, F1-seeds from regionalized seed
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production germinated as fast and abundantly than cultivar seeds from standard seed

production. This diUerent behavior of F1-seeds compared to the F0-seed germination

behavior is probably a result of unintentional selection against late germinating and

potential dormant seeds during the propagation process. Hence, propagation eUorts

presumably need improvement in order to prevent or minimize eUects of unintended

human selection on life-history traits.
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The results of my studies strongly indicate that the use of cultivars of native plant

species in re-vegetation does represent both a problem for re-vegetation success as

well as nature conservation. I draw the following implications for the practice of

re-vegetation in order to mitigate these problems:

• It should be thoroughly proved whether it is necessary to carry out re-vegetation

via planting or sowing. It may be more advantageous for both the re-vegetation

success and nature conservation to allow re-vegetation by natural succession

rather than by introducing (possibly non-suitable) plant material. Re-vegetation

by natural succession will be more cost eUective than introducing plant ma-

terial, which possibly has to be done several times, because of re-vegetation

failure by the use of non-suitable plant material.

• If re-vegetation by introducing plant material is needed, the use of cultivars

should be avoided. The use of wild plants is recommended because it is desir-

able for planted or sown vegetation to be self-sustaining and able to cope with

the normal periodic stress events in heterogeneous environments (Society for

Ecological Restoration International Science & Policy Working Group 2004).

• If wild plant material is used, the geographic distance and diUerence of edaphic

conditions between the seed source and site of introduction should be kept to

a minimum as environmental factors are the major driving force for natural

selection (home-site advantage, e.g. Montalvo & Ellstrand 2000; BischoU et al.

2006a,b; BischoU et al. 2008).

• If wild plant material needs to be propagated in order to supply the vast amounts

of seeds needed for re-vegetation, the implementation of strategies to reduce

cultivation eUects in life-history traits is needed. The strategies are as follows:

– In all parts of harvesting and propagation activities, selections against cer-

tain genotypes, e.g. stronger or weaker vegetatively growing or Wowering

plants, early or late germinating plants, dormant seed fractions or smaller

or larger seeds should be avoided (Prasse et al. 2010). By appropriate

methods like stratiVcation, scariVcation, or treatment with e.g. gibberellic

acid or potassium nitrate (ISTA 2006) germination of dormant seeds should

be facilitated. This will be especially true in species with well-known and

partially deep dormancy behavior (e.g. physical dormancy in many species

of Fabaceae). Propagation of wilds should be done under nearly natural

environmental conditions (e.g. without adding lots of nutrients and water)

to prevent selection towards highly productive genotypes.

43



Chapter 8 | Conclusions and outlook

– To further minimize risks of unintended selection, the propagation of wild

seed collections should be carried out as short as possible for only a very

few generations. Afterwards, a new harvest from the wild population is

necessary.

– Generally, for the propagation of wild plant species for re-vegetation, many

genotypes from the harvested wild population should be used (» 50 indi-

viduals, Broadhurst et al. 2008; Prasse et al. 2010; Vander Mijnsbrugge et

al. 2010).

• In re-vegetation measures by using wild seeds it may be necessary to increase

sowing seed densities in order to comply with the customer’s demand for rapid

success and to reduce the minimum germination success requested by the Eu-

ropean and national seed directives, as it is desirable that the propagated wild

plant material used for re-vegetation retains its dormancy strategy (Schröder &

Prasse 2010).

Outlook
Despite my Vndings on the eUects of cultivation and hybridization on life-history

traits of native plant species and the resulting eUects on wild relatives, there are

still knowledge gaps. We need to evaluate the signiVcance and magnitude of these

eUects and potentially further occurring undesirable eUects on local ecosystems and

the mechanisms behind them in order to develop further and improve already existing

mitigation measures.

Knowledge about the eUects of introducing cultivars within the semi-natural range

of their wilds is still very limited. Up to now we hardly have any information about

the magnitudes of permanent gene Wow from cultivars into their wilds. Considering

the vast amount of annually introduced individuals of cultivars and the long-time

practice of such plant use, the existence of (remnant) pure wild populations is ques-

tionable. The present results are conWicting. For instance, it has been assumed that

the lack of genetic diUerentiation between wilds and cultivars of Lolium perenne and

L. multiWorum in grasslands is due to conventional plant usage in Britain (Warren et

al. 1998) and Switzerland (Peter-Schmid et al. 2008). Otherwise, such distinguishable

patterns of genetic diversity could be found in L. perenne, Trifolium repens and Poa

pratensis in the Netherlands (van Treuren et al. 2005; van Treuren 2008). As there is

a real threat that populations of wilds whose cultivars have been frequently used for

e.g. grassland melioration as well as restoration are no longer available (Walker et

al. 2004b), it is necessary to get reliable data about the distributions and abundances
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of cultivars and wild x cultivar hybrids in the landscape in order to take measures

in conservation of remnant wild populations. The results of my studies concerning

diUerences in morphological and phenological life-history traits may give an impetus

for further studies with a focus on biometrical diUerences between wilds and their

cultivars in order to facilitate the detection of cultivars and hybrids in the landscape

(see Bonnemaison & Jones 1986). Strategies should be developed to carry out inven-

tories of remnant wild plant populations of common native plants, e.g. within “old

grasslands” in Central Europe.

Within the framework of the PhD thesis it was only possible to test the eUects of

cultivation and hybridization on a selection of life-history traits of two native species.

It can be assumed that further life-history traits and further species are aUected,

possibly also resulting in undesired eUects on wild plants and other ecosystem com-

partments on higher trophic levels. Cultivation and hybridization may alter phyto-

chemical contents in wilds. Toxic phytochemicals might be reduced as a function

of trade-oUs during selection of cultivars towards e.g. higher nutrient content or

yield (Evans 1996). For instance, less glycoside contents (catalpol and aucubin) have

been found in cultivars of P. lanceolata compared to their wilds (Al-Mamun et al.

2008). Reduced toxic phytochemicals and increased nutrient contents may enhance

the palatability of cultivars to herbivores (Benrey et al. 1998). Enhanced palatability

to herbivores might be transferred to wilds by hybridization, potentially disturbing

local adaptation of aUected species, because a low palatability can be a mechanism of

local adaptation in wilds (e.g. Keller et al. 1999; Cremieux et al. 2008). Considerable

diUerences in the colonization of herbivore insect communities between cultivars of

grasses, frequently used for re-vegetation, and their wilds had already been observed

(Wesserling & Tscharntke 1993) possibly resulting in removing or reducing the sur-

vival of aUected insect taxa (Neugebauer & Tscharntke 1997). Further studies have

to concentrate on changes in phytochemicals in native plants by cultivation and hy-

bridization and if such changes have undesirable eUects on species of higher trophic

levels (e.g. invertebrates).

Genetic diversity as well as phenotypic variation of cultivars is assumed to be lower in

comparison to their wilds (Williams 2001; van Treuren et al. 2005). Presumably, only

a small fraction of the genetic spectrum of their wilds has been used in cultivation

eUorts (Ladizinsky 1985) and therefore the genetic basis of modern cultivars may be

limited compared to their wild progenitors (Bennett 1970). If this assumption holds

true, adaptability to changing environmental conditions might be reduced (Bennett

1970) because phenotypic variation due to genotypic variation or phenotypic plasti-

city seems to be important for adaptation abilities (Booy et al. 2000; Rice & Emery
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2003; Pertoldi et al. 2007; Jump et al. 2009). Furthermore, founder eUects or inbreeding

depression may be eUective, as already observed in the (re-)establishment of wild

plant populations where material came from limited sources of wild populations (e.g.

founder eUect: Zostera marina, Williams 2001; inbreeding depression: Sarracenia Wava,

Sheridan & Karowe 2000). New insights into adaptation abilities of cultivars versus

wild relative are not only a topic for restorationists who are interested in sustainable

population development. This should be a major topic for agricultural plant breeding

as well. In light of changing environments, genetic diversity and adaptation abilities

of wild plant species as a source for developing new cultivars for grasslandmelioration

will become more important (Maxted et al. 2007).

More research on the eUects of collection and propagation methods in regionalized

seed production on the germination behavior of wilds is needed to evaluate the ge-

nerality of my Vndings because I tested only two species from one regionalized seed

producer. Further studies should evaluate the number of generations that can be

propagated without occurrence of strong selection eUects. Whether frequent re-

plenishment of propagation stocks with new seed collections from wild populations is

an appropriate method to minimize unintentional selection should be studied. More

research is needed to evaluate whether further life-history strategies, such as Wower

phenology, plant performance, or genetic diversity (Aavik et al. 2012) are negatively

aUected by regionalized seed production.
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