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Summary

During the last few years wildflower seed has been produced in large amounts in

Switzerland and introduced in the rural landscape. It is used for various types of

ecological compensation areas like Buntbrachen, Rotationsbrachen, species-rich

meadows and within the new element Ackerschonstreifen; it is also used for

habitat restoration and natural-like plantings on flat roofs. This thesis deals with

the question of the preferable provenances of the stock seed for breeding, and the

distances or regions within which seed transfer may be acceptable. Problems

which may arise with long-distance translocation of plant material include reduced

local adaptation of alien genotypes in terms of environmental and synecological

factors. Examples for the latter are plant-associated organisms like herbivores,

symbionts and pathogens. Other arguments against the introduction of alien seed

are based on the genetic implications of such practices: genetic contamination,

destabilization of the genetic integrity and, last but not least, the loss of biodiversity

on the populational level.

Seed of nine species was acquired from different commercial sources

throughout Europe. Cultivation of the different provenances in two arable fields

revealed differences in establishment success and phenological patterns in most

of the species. A survey of germination characteristics conducted in growth

chambers made clear that the local adaptations were partly responsible for the

mostly reduced establishment rates of alien types. This conclusion was reinforced

by the assessment of germination under natural conditions. Synecological

properties of different European provenances were compared by performing

microcosm choice experiments with two slug species, and in field experiments

designed to compare susceptibility to parasites. Resistence to herbivory by slugs

could be related to the climatic conditions associated with different plant origins. A

Similar pattern was found for the infection rate by a dipteran leaf miner on

Leucanthemum, but resistence against a rust fungus on Silène was greatest in the

local plants and appeared to decrease for more distant provenances. The effect by

alien introgression was studied by artificial crossing of two hybrid generations and

experimental assessment of the fitness measures fecundity, viability and seed

mass of offspring lines. Outbreeding depression by epistasis was expressed in
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almost all F2 with introgressions from distant populations; although the epistatic

effect can be considerable, its significance in natural setting remains a matter of

speculation.

Based on this experimental work and extensive literature research,

guidelines for the handling ofwildflower seed have been formulated, including a

risk assessment for plant species currently used in Buntbrache and

Rotationsbrache mixtures. The guidelines may serve as a reference for quality

control of wildflower seed, which is currently being established by the responsible

authority, the FAL (Swiss Federal Research Station for Agroecology and Agriculture,

Zurich-Reckenholz).

Zusammenfassung

Wildkräuter-Saatgut wird seit einigen Jahren in grossem Umfang produziert und in

der (Agrar-) Landschaft ausgebracht, sei es für Buntbrachen, Rotationsbrachen,

artenreiche Wiesen, Renaturierungen, extensiven Dachbegrünungen, oder neu in

Ackerschonstreifen. Die Dissertation beschäftigt sich mit der Frage, von welcher

Herkunft Basissaatgut für die Vermehrung verwendet werden darf bzw. innerhalb

welcher Distanzen oder Gebiete ein Transport zugelassen werden soll. Gegen

einen Austausch über längere Distanzen sprechen folgende Aspekte:

ungenügende Anpassung von ortsfremdem Pflanzenmaterial an die lokalen

klimatischen, edaphischen oder synökologischen Faktoren; unter den Letzteren

sind auf oder von den Pflanzen lebende Organismen wie Herbivoren, Symbionten

oder Pathogène zu verstehen. Florenverfälschung und andere genetische

Implikationen wie die genetische Destabilisierung von lokalen Wildpopulationen,

sowie die Verminderung der Biodiversität auf Populationsebene sind weitere

Argumente gegen den Transport von Wildpflanzen-Saatgut über weitere Distanzen.

Saatgut von neun ausgewählten Arten wurde von kommerziellen

Wildpflanzen-Anbietern im europäischen Raum aufgetrieben, und mit einzelnen

Proben von Botanischen Gärten und solchen von Wildpopulationen ergänzt. Im

Anbauversuch auf zwei Versuchsfeldern zeigten die verschiedenen Herkünfte je
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nach Art geringere oder grössere Unterschiede im Etablierungserfolg und in ihrer

Phänologie. Eine Untersuchung des Keimungsverhaltens in Klimakammern

deutete darauf hin, dass diesbezügliche lokale Anpassungen zumindest teilweise

verantwortlich waren für den meist besseren Etablierungserfolg der einheimischen

Typen. Diese Vermutung wurde unterstützt durch die Messung des spezifischen

Keimungserfolgs unter Feldbedingungen. Weiter wurden die synökologischen

Eigenschaften der Pflanzen anhand von Bioassays verglichen. Die Herbivorie

wurde mit zwei Schneckenarten in Mikrokosmen untersucht; die Resistenz der

Pflanzen konnte mit den klimatischen Bedingungen der Herkunftsgebiete in

Verbindung gebracht werden. Ein ähnliches Muster zeigte der Befall einer

Minierfliege auf Leucanthemum, während die Resistenz gegen Rostpilze am

stärksten in den einheimischen S/Vene-Populationen war und Pflanzen aus den

entfernteren Ländern am stärksten befallen wurden. Die Auswirkung von

Fremdintrogressionen wurde untersucht, indem Kreuzungslinien hergestellt

wurden, deren Fitness experimentell unter Feldbedingungen anhand von

Wachstumsleistung, Lebensfähigkeit und Samengesicht gemessen wurde. In den

meisten Fällen traten in der zweiten Nachkommengeneration (F2)

Fitnesseinbussen auf, verursacht durch epistatische Outbreeding depression.

Obwohl dieser Effekt beträchtliches Ausmass erreichen kann, kann über die

Folgen für derartig betroffene natürliche Populationen nur spekuliert werden.

Aufgrund dieser experimentellen Arbeit sowie intensiver Literaturstudien

wurden Leitlinien für den Umgang mit Wildpflanzensaatgut aufgestellt, deren

Kernstück eine Risiko-Klassifikation der Arten der Buntbrache- und

Rotationsbrachemischung bezüglich Herkunftsanforderungen ist. Diese Leitlinien

sollen als Grundlage für die zukünftige Qualitätskontrolle von Saatgut dienen,

welche an der FAL (Forschungsanstalt für Agrarökologie und Landbau, Zürich-

Reckenholz) im Aufbau begriffen ist.
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1. Introduction and overview

During the 1980s in Switzerland seed mixtures for fallow strips on arable fields

were developed concurrently by D. Ramseier (a project initiated by A. Müller and

sponsored by the former company SANDOZ (Wanderbrachen)) and by the re¬

search group of W. Nentwig in the Zoological Institute of the University of Berne

(Grünstreifen, Ackerkrautstreifen). When in 1994 these concepts were unified

under the name Buntbrachen and established within Swiss agricultural policy,

concern arose about the possible use of seeds from other countries. In response

to this concern the present study was initiated as a part of the project Ökologische

Bereicherungsflächen und ihre Auswirkungen auf Flora und Fauna in

Ackerbaugebieten. The main research question of this study relates to the poten¬

tial consequences of introducing alien seed both for the wildflower strips and for

adjacent seminatural habitats. The results should be used to decide whether there

is reason enough to prohibit seed import by law in the OeBV

(Ökobeitragsverordnung) and to prescribe the source areas suitable for the origin

of seed.

The underlying hypotheses of the thesis are represented in Fig. 1.1 in the

form of a flow chart and more explicitly given in the introductions of the following

four chapters (e.g. 2.1). These chapters are copies of four publications describing

the experiments undertaken to investigate the importance of seed source.

Initially, a set of nine species was selected from the Buntbrache mixture

(given in Table 6.1): Agrostemma githago L. (Kornrade), Centaurea cyanus L.

(Kornblume), Cichorium intybus L. (Wegwarte), Daucus carota L. (Wilde Möhre),

Hypericum perforatum L. (Gemeines Johanniskraut), Leucanthemum vulgare Lam.

s.str. (Gemeine Wucherblume), Papaver rhoeas L. (Klatschmohn), Pastinaca

sativa L. (Pastinak) und S/7ene alba (MILLER) E.M.L KRAUSE (Weiße Lichtnelke). In

most experiments some of these species could not be used for various reasons.

Thus Papaver rhoeas was not sown in the 1995/96 field experiment (chapter 2)

because interference from spontaneously germinating poppy was feared; the spe¬

cies was pregrown and transplanted into the fields, so establishment rates could

not be estimated. Species where dormancy was likely to be a problem (Hypericum,

Papaver, Pastinaca) were excluded from the germination experiments under artifi¬

cial conditions, whereas in the case of Agrostemma more seeds would have been

necessary for these experiments than were available (chapter 3). The feeding as¬

says with slugs (chapter 4) only made sense with plants that are at least to some

extent accepted by slugs. Finally, crossing experiments (chapter 5) would have

been very difficult in species with condensed inflorescences as in the Asteraceae

5



(Centaurea, Cichorium, Leucanthemum) and Apiaceae (Daucus, Pastinaca), or

with species which are partially apomictic (Hypericum, Leucanthemum).

Chapter 2 is a translation from a publication in German, which was meant to

inform a broader audience of practitioners about the topic. It presents the result of a

two-year field study on aspects of local adaptation, i.e. its influence on

establishment success and phenological patterns. The second paper (chapter 3)
deals with the germination properties of seeds of different provenances; although
there have been a number of studies on germination differences between popula¬
tions from different geographical origins, there has been no evidence for general

patterns which linked climatic conditions in a given region to specific triggers for

germination. The third publication (chapter 4) focused on a synecological aspect:

the function of plants as providers of food or substrates for animals or other com¬

mensals. Slugs were chosen as model herbivores for a choice experiment, be¬

cause they exert a significant impact on the ecosystem studied. Although slugs are

food generalists, their choice in grazing is based on a strictly hierarchical prefe¬

rence. The last and probably most important part of the PhD thesis deals with ge-

netical implications of plant translocations, as are negative impact on biodiversity
and the potential threat for local populations due to genetic contamination or

destabilization of the genetic integrity.

An overview about the project is presented on a more applied level in a new

publication about the management of Buntbrachen (Schaffner et al., see 5.5),
which will be issued during 1999.

introduced plants exhibit:

Reduced environmental adaptation

Oversuccessful genotypes —

Sepd contaminated

with alilWtföf$& i

Different synecological qualities

Genetic distance

Poor establishment,
different species
composition

\
Weed problems

Associated

organisms
are affected

"*

Influence on

wildflower strip
or arable field

Influence on

ecosystem

..
in local plant populations

Figure 1.1. Hypotheses on potential effects from using alien seed. Important is the separation
between effects within the Buntbrache and the surrounding field only (above broken line), and
the probably more serious effects onto the local ecosystem (below line).



2. Growth performance of different origins in the agrestal field:

establishment and phenology

Printed as: Keller, M. & Kollmann, J. (1998) Bedeutung der Herkunft von Saatgut.
Untersuchungen an Buntbrachen und anderen ökologischen Ausgleichsflächen.
Naturschutz und Landschaftsplanung 30, 101-106.

Abstract

In this study we discuss possible implications of the introduction of foreign seed

material for eight herbaceous species which are currently used in ecological compen¬

sation sites on farmland ("Buntbrachen"). First experiments with up to eleven Euro¬

pean provenances revealed differences in establishment, phenological patterns and

life cycle; some of them are probably adaptations to climatic differences. These re¬

sults indicate that the introduction of foreign seed has potentially detrimental effects.

However, the legal consequences of the translocation of native species are still under

debate. Future research should be focussed on the effects of non-native populations
on the genetic diversity of local genotypes.

2.1 Introduction

Buntbrachen

During the 1980s various programmes aimed at increasing biodiversity in the

agrestal landscape were developed in Switzerland, including the use of wildflower

seed mixtures on strips through arable fields. The establishment of a dense

vegetation to prevent the spread of noxious weeds, and a diverse and long-lasting

supply of flowers were the main goals for the constitution of these seed mixtures

(Ramseier 1994). The main properties of these elements are to provide food and

habitats for many animal species, especially beneficial insects which naturally limit

pathogens. This is achieved by a broad variety of habitat structures and a minimal

degree of disturbance. Other useful effects are: the opportunity for endangered

segetal plants to establish from the seed bank without being threatened by

herbicides, soil re-creation (which is important especially for intensively managed

orchards, therefore Medicago sativa is included; Meek etal. 1992), and increased

connectivity of natural habitats in the landscape. Last but not least, they render

more amenable the rather uniform rural countryside.

Buntbrachen are not meant to reintroduce rare or extinct segetal plant spe¬

cies, particularly as many of these species have been removed from today's stand¬

ard mixure with a few exceptions (Agrostemma githago, Camelina sativa,
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Centaurea cyanus, Legousia speculum-veneris). Other previously included

segetals are either very expensive, established poorly in the plot, or are only

available from foreign countries. Moreover, with the exception of Centaurea cyanus,

they have not been observed to establish persistently in arable fields (Ramseier

1994), but a chance therefore would be given under a herbicide-free crop protection

management.

The expense of establishment for these semi-natural structures which last

2-6 years is much greater compared to hedgerows and other extensive ecological

compensation sites. Despite the effort of seed companies towards optimized low-

cost production and after the removal of more expensive species from the list, the

seed still costs around 3000 Sfr per hectare, which is equal to the compensation

payment in Switzerland. Additionally, the farmer accepts the risk of promoting

noxious weeds, e.g. the field thistle (Cirsium arvense), and potential pests like

mice and slugs, although these two threats also seem to be comparatively high in

hedges and extensively managed grassland (Schweizerische Ingenieurschule für

Landbau, current investigations).

The provenance ofplant material

Due to high seed costs and in some cases the fact that it is not locally available,

the option exists to import seed from other countries where segetal species are

still abundant and could be harvested with low effort. Therefore, the question arises

if this could have negative consequences, either within the sown strip or for the

local flora. The topic of introducing non-native genotypes of plants into the

landscape has only recently been discussed in Great Britain (Hodder & Bullock

1997), whereas as early as in 1980 guidelines were proposed at a congress in

Bavaria (ANL/BFANL 1980). In these guidelines it was demanded that plant

material should originate from a nearby stand to preserve diversity and genetic

characteristics of local sibs. While this was placed in the context of re-introduction

of endangered species, another concern is the increasingly popular cultivation of

wild flower mixtures in parks, roadsides or private gardens. Akeroyd (1994a,b)

complains about the careless use of wild plant material in England, sometimes

containing cultivated forms or alien ecotypes. A similar problem could arise from

the large-scale sowing as in Buntbrachen and species-rich meadows that have

been promoted by the Swiss agricultural policy since ~1990. As in England, the

mixtures from Swiss seed providers initially contained some seeds from other

countries. That is why the SKEW (Schweizerische Kommission für die Erhaltung

von Wildpflanzen, 1995) edited a list with recommended source areas for wild

flower introduction, with specific attention to application and species complexes.

Meanwhile the seed companies strictly use seed of regional, or at least national
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provenances. The Swiss Federal Research Station for Agroecology and Agriculture

(FAL Zurich-Reckenholz) controls samples for proper varieties in the case of

mixtures for meadow re-enrichment, and the same is planned for Buntbrache

seed.

Besides Buntbrachen, the debate on the provenance of plant material needs

to be extended into other areas where wild plants are used; especially in land¬

scape gardening the problem deserves more attention (Reif & Aulig 1993).

Because plants used for hedgerows and street embankments are often imported

from countries with cheap suppliers, it has been suggested in Germany to use

plants from within distinct areas (Schmidt & Krause 1997).

The importance of the geographical origin of plant material can be expected

to vary with different species, according to the genetic structure which is related to

generation length, dispersal distances, mating system and habitat properties

(Hamrick 1979). The origin of seed can exhibit various effects, of which the

following may be relevant in the context of Buntbrachen and generate the

hypotheses of this study:

Plants from a distant origin perform less well and cannot form the intended

dense vegetation, due to maladaptation towards environmental factors like ger¬

mination time, growth regulation, and resistence to stress conditions or patho¬

gens.

Imported plants perform too well, become weedy and displace local sibs.

Different genotypes are less useful for consumers like herbivores or pathogens,

or even incompatible with them.

The genetic integrity of local populations of species that belong to the Buntbrache

mixture is disturbed by genetic introgressions. In contrast to most cultivar spe¬

cies, the introduction of wild plants into the landscape means potential genetic

exchange with the local flora.

The discussion regarding these possible impacts has been based on theoretical

considerations, and there is hardly any experimental data available. This article will

approach the problem using the example of Buntbrachen, and presents data on

establishment and phenology of eight weed species that originated from several

central European countries. The results allow some preliminary conclusions

regarding the hypotheses listed above, but the main goal of this publication is to

increase awareness amongst practitioners in the fields of restoration, landscape

creation and natural gardening towards the problem.
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2.2 Material and methods

Tested seed

As far as possible, Seed was bought from commercial suppliers of wild flower

seed, with additional samples obtained from botanical gardens and collections

from wild populations. The following eight species were chosen from the current

list of species for Buntbrachen: Agrostemma githago L. (Corn Cockle), Centaurea

cyanus L. (Cornflower), Cichorium intybus L. (Wild Cichory), Daucus carota L. (Wild

Carrot), Hypericum perforatum L. (Common St. John's wort), Leucanthemum

vulgare Lam. s.str. (Ox-eye Daisy), Pastinaca sativa L. (Wild Parsnip) und Silène

alba (Miller) E.M.L Krause (White Campion): Only generic names will be used

subsequently in the text. Information on life form, mating system and habitat is

given in Table 2.1.

Table 2.1. Characterization of the tested species

Species Lifespan Breeding system Vegetation

Agrostemma githago L. annual partly selfing arable field

Centaurea cyanus L annual ? arable field

Cichorium intybus L. 1-2 years ? ruderal

Daucus carota L. 1-2 years partly selfing meadows/ruderal

Hypericum perforatum L perennial apomict, clonal growth meadows/ruderal

Leucanthemum vulgare Lam.

Pastinaca sativa L.

perennial

biennial

partly apomictic,
moderately clonal

?

meadows

meadows/ruderal

Silène alba (Miller) E.M.L Krause perennial dioecious, outbreeding ruderal

Experimental sites

The field experiments were started in the spring 1995 on two fields varying in

topography, soil type and land use history. The site Honggerberg was located on a

hilltop, on a skeleton-rich soil and had not been used as an arable field before; the

field in Reckenholz was in the bottom of the valley, with a sandy clay-rich,

intermittently moist soil and had been used for clover-ryegrass production

beforehand (Kunstwiese).

Experimental design

A weighed amount of seeds of each biotype was sown in plots of 1,5 by 1,5 m, in

order to reach a density of approximately 100 individuals/m2 (an expected

germination rate of 70% was assumed). Different provenances within a species
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are referred to as biotypes in the text. Three replicates of each biotype were

arranged randomly at each site, except that placing replicates on adjacent plots

was avoided. The fields had been ploughed in May, and harrowed two days before

sowing. Intense weeding was necessary in the beginning, until the sown plants

were established.

Data recording

The annual species were cut at maturity and the number of individuals counted for

the evaluation of establishment success. The others were counted in the plot as

soon as no further germination was expected. The measurement of flowering phe¬

nology was done by weekly estimates of the number of flowering units, which were

either single flowers, flower heads or umbels. In Cichorium and Silène the propor¬

tion of individuals flowering in the first year was recorded, as well as the gender

ratio in Silène. In the strictly biennial Pastinaca, where only the root overwinters, the

time of sprout in early spring 1996 was recorded.
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Figure 2.1. Provenance-specific establishment, as proportions of the sown seed (means + SE).
Provenances: A, Austria; CH1, eastern Swiss Midland; CH2, western Switzerland; CH3, Valais

(1400m a.s.l); D1, Hesse; D2, Baden-Wurttemberg; D3, North-Rhine Westphalia; D4, Bavaria; GB,

England; H, Hungary. The asterisks above species labels indicate a significant effect of the ori¬

gin (ANOVA), those above the bars are for significant differences compared with the local type
CH1 (Fisher's PLSD; ***P < 0.001, **P < 0.01, *P < 0.05).
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2.3 Results

Establishment

The Swiss commercial Biotypes of Agrostemma, Centaurea, Daucus,

Leucanthemum, Pastinaca and S/7ene exhibited higher establishment rates than

the the imported types (Fig. 2.1) The origin had no statistically significant effect in

Cichorium and Hypericum, although in the latter species reduced numbers were

counted of the English type. If the specific maximal germination rates, as observed

in field- or growth chambers, are taken into account, the superiority of the local

types is only specified for the English Centaurea and the Hungarian

Leucanthemum. On the other hand the Swiss Hypericum performed best when the

data is corrected for viability. Some types showed better establishment in either of

the two sites, but there was no origin-specific site preference.

1995: Mai Juni Juh August September Oktober

Figure 2.2. Flowering phenology of selected species Leucanthemum and Hypericum show an

origin-dependent flowering sequence, but with opposite order of the origins In Cichorium, the

sequence followed an atlantic-continental origin pattern in the first year, but synchronicity in

the second There was a variable but erratic pattern flowering times in Agrostemma
(Abbreviations for provenances as in Fig 2 1, E, Madrid, Spain).
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Flowering phenology

Within-season flowering distribution

In some cases the plants of northern and eastern provenances showed retarded

flowering, which was most pronounced in those from Hungary, with Daucus and

Leucanthemum forming flowers three weeks late (1996), and Centaurea and

Cichorium (1995) two weeks late. The beginning of the flowering period in Cicho¬

rium showed a sequence from atlantic to continental origins. The tendency of the

local types to flower earlier than the rest was not consistent in Pastinaca and

Hypericum, the two species not flowering until the second year: the Swiss and

German provenances of these species flowered later than the others. Especially

Hypericum showed a sequence opposed to the tendency in the other species, with

the Hungarian plants flowering three weeks before the last type, which was the

Swiss. The origins of the continuously flowering species Silène and Cichorium

(second year) did not differ, and the observation suggest that the waves of

flowering in these species were triggered following rain and periods of warm

weather.

Phenology over the two years

Cichorium and Daucus could not be assigned consistently to an annual or biennial

life cycle (Fig. 2.3), and the two showed different origin-related effects. In Daucus,

the quantity of flowers was equal for both years, except for the English types which

exhibited a higher flowering intensity in the first year. In Cichorium there was an

obvious gradient from oceanic to continental provenances, with the extreme

behaviour of the English plants which all flowered and died in the first year (This

and other observations, i.e. fast and complete germination and uncommon salad¬

like rosettes lead to the suspicion that these plants were from a cultivated race).

In Cichorium the relative abundance of annual and biennial individuals was

different between atlantic and continental origins (Fig. 2.4), as the samples from

Switzerland, Austria and Hungary contained less than 10% of individuals that

flowered in the first year; the ratio of those from northwestern Germany was 25%,

and 100% in the English type. This corresponds to the distribution of flowers in Fig.

2.3, whereas in all Daucus provenances 70-85% behaved annually. Contrary to

Cichorium, half of the English Silène remained vegetative in the first year, but only

one third of the other types.

Other observations

The majority of English Silène were female and, like the German type, the gender
ratio deviated significantly from evenness. They were also especially susceptible to

infection with the rust fungus Puccinia behenis (M. Pfunder, pers. comm.). This
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may have resulted in a low survivorship after two years, while the same observation

in the Hungarian Leucanthemum was probably a result of the poor ability to form

side shoots. The sprouting of Pastinaca after overwintering was earlier in the two

types with more oceanic ongins, than in the two from Switzerland (Fig. 2.5).

Another notable finding was the markedly higher plant size in the Hungarian

Agrostemma, Cichorium and Daucus, but not Hypericum. In some cases different

morphological characteristics were present, e.g. capsule size in Silene, leaf shape

(Cichorium, Silene, Hypericum) and some colour schemes.
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Figure 2.5. Phenology of the sprout
in Pastinaca in March 1996.

Significant differences compared
with the local Typ CH1 tested with

ANOVA (means ± SE of the longest
leaf, 11.3.96).
Origins: CH1, Switzerland, eastern

Midlands; CH2, western Midlands;
D: Germany, Hesse; GB: England,
Lines.

2.4 Discussion

Provenance-specific differences in the light of local adaptation

There was a certain amount of variation in growth performance and phenological

timing between the provenances. It is not so clear, how much of the variation can

be allotted to differing environmental conditions in the source areas, or if the tested

populations represented different ecoypes, as is also possible within an area. The

pattern of genetic variation along a geographical distribution can be confounded by

specific local environmental conditions, e.g. nearby populations growing on

contrasting slopes can be more strongly differentiated than other, more distant

ones (Campbell 1979). An origin-specific effect can only be assumed where our

results reflect a geographic-climatic gradient, or else, where a second local source

confirmed the data from the Swiss standard type. However, the superior

establishment success of almost all local samples was striking and may be as¬

signed, most likely, to local adaptation. Experiments in growth chambers suggest

that germination is one of the key factors (M. Keller, unpubl. res.). Yet, one must be

aware that most aspects of local adaptation, e.g. cold hardiness, only play a role in

extreme situations, and alien plants were not affected during the experimental

period.

The fact that the observed phenological shifts exhibited contrasting

time/origin patterns can be explained by regulation using different triggers for the

initiation of germination, sprouting or flowering: when an environmental factor like

temperature is taken as a measure for the right time, the phenological shift in a
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different climate would tend to the opposite direction as when a developmental

stage starts at a fixed time of the year, recognized by daylength or an "internal

clock". Likewise, the Leucanthemum plants originating from places where warm

weather appears later in spring were the latest to flower in our experiment, which

points at fixed timing. Opposite to that, Pastinaca types from more Atlantic origins

sprouted from the root very early in the year, when there is still a high chance for a

cold snap in northern Switzerland, and the two local types took more time.

It can be reasoned that the quality of adaptation in alien plants would be im¬

proved by selection rather swiftly, and this might be true with single translocation

events, but not in the case of Buntbrachen with repeated introductions from pro¬

venances with differing climatic and edaphic conditions.

The degree of local differentiation is expected to be species-specific: larger

differences are likely in the case of isolated populations, short dispersal of seed

and pollen, and limited outbreeding (Hamrick 1983). The present study, together

with unpublished observations, revealed smaller differences between the proven¬

ances in the annual segetals (Agrostemma, Centaurea, Papaver rhoeas) than in

the biennial and perennial ruderals and meadow species (Cichorium, Daucus,

Hypericum, Leucanthemum, Pastinaca, Silene). The reasons therefore may be that

segetal weeds had always been accidentally transported by human activities, and

that conditions from crop production management were more important selective

forces than climatic ones.

How significant for the ecosystem the right flowering time may be is a matter

for speculation. Adverse effects resulting from deviations in flowering phenology

probably arise by lacking food or required floral structures for animals which are

closely specialized on forb species, especially the ones with very limited flowering

periods like Agrostemma or Leucanthemum.

Comments on further aspects

The traits explored within this study alone do not alone provide enough reason to

reject the import of seed. Stronger arguments are probably to be found in the

following subject areas: displacement of local sibs by foreign biotypes, genetic

incompatibility between alien genotypes and commensal organisms, and genetic

contamination of local weed populations (cf. Hodder & Bullock 1997).

The prospect that foreign genotypes may be very successful and outcompete
the local ones (cv. Sukopp & Sukopp 1993) is unprobable except in long-living and

especially asexually reproducing species (eg. Hypericum perforatum). In general
the introduced types do not establish distinct populations but rather intermingle
with local conspecifics, which implies further research. The same goes for

possible effects on associated organisms: the field of biological control knows
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many examples where host plants of an inappropriate genotype cannot be used by

the consumer (Barrett 1982).

The most important arguments against seed imports may be found in the

field of population genetics. Besides the possibility that local wild stands are

infiltrated with maladapted genes, genetic introgression from introduced plants

could destabilize the genetic integrity. This would reduce fitness in the future

generations of the native population. Hybridization between different mates

produces heterosis, with the first hybrid generation being luxuriant in one or a few

characteristics. The price that must be paid therefore is lower flexibility, regulative

disorder or even sterility (Mac Key 1976). Thus, what may be advantageous for the

individuals of one generation, particularly under cultivation conditions, often impairs

a wild population under the forces of competition and selection (Dobzhansky

1952). Mixing closely related taxonomic units can threaten a species' or

subspecies' continuity and lead to a loss of biodiversity. Such events have been

reported in various classes of animals and were mostly caused by overriding

crossing barriers (Rhymer & Simberloff 1996). Comparable effects could happen

at a lower taxonomic level, since local differentiation can occur to some degree in

continuous populations over small spatial scale. By this means the geographic

distance or genetic distance of parent plants within populations can influence the

quality of the progeny (Waser 1993). This qualifies once again the use of the

species as the central unit in biodiversity conservation. According to Daily & Ehrlich

(1995) genetic variation at the population level is as important as the variation

between species and can be of great value as the raw material for breeding new

races of crop plants and for ecosystem stability.

The genetic quality of the seed is, besides the provenance, also influenced

by the conditions in the seed production process. When the stock seed is not re¬

gularly replaced by wild collections, or when seed cleaning gives advantage to

seeds with certain properties, the plants develop towards cultivar races, which

must be avoided for plant material used on ecological compensation areas. Cur¬

rently these aspects are taken into account by some seed producers, at the

expense of considerable surplus effort. For maintaining this laudable practice and

raising it to the accepted standard, the landscape and nature conservation lobby

must demand the maintenance of quality; otherwise legal prescriptions may be

necessary.
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3. Germination under controlled and natural conditions

Printed as: Keller, M. & Kollmann, J. (1999) Effects of seed provenance on germi¬
nation of herbs for agricultural compensation sites. Agriculture, Ecosystems and

Environment 72/1, 1999, 87-99.

Abstract

The germination characteristics of European provenances of seven weed and grass¬

land species which are used in agricultural compensation sites in Switzerland, e.g. on

set-asides, were investigated along a W-E gradient (England, Germany, Switzerland,

Hungary). In growth chambers the germination increment with temperature was dif¬

ferent among the four main species and provenances tested. Consistently, the English

provenances were least responsive. The germination rate of Silene alba increased

most strongly with temperature, Daucus carota and Leucanthemum vulgare were

intermediate, whereas Centaurea cyanus showed the lowest response to temperature.

Germination of Daucus was enhanced by alternating temperatures, and this effect

was significantly higher for the most distant provenances compared with Swiss seeds.

Also in Leucanthemum and Silene the foreign provenances showed a stronger effect

of alternating temperatures, whereas seeds of Centaurea were not affected. In a

common garden experiment Cichorium intybus, Daucus, Leucanthemum and Silene,
but not Centaurea, revealed a trend towards lower germination with increasing di¬

stance of the provenance. Germination phenology of the different provenances va¬

ried in the above species and in Hypericum perforatum, except the arable weeds Cen¬

taurea and Papaver rhoeas. A principle component analysis confirmed that overall

variability among provenances was lowest in Centaurea, intermediate in Daucus and

Leucanthemum, and highest in Silene. The results suggest provenance-specific adap¬
tations which were partly correlated with the climate along the European gradient
tested. Such adaptations can be used as an argument against introduction of foreign
seeds for ecological compensation sites.
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3.1 Introduction

Germination is a critical stage in the life cycle of weeds and crop plants, and often

controls population dynamics, with major practical implications (Radosevich et al.

1997). Mortality of germinating seeds is generally high (Fenner 1987), and thus

selection can act most efficiently during this stage where environmental factors,

e.g. day length, temperature or management regime, are critical (Harper 1977).

Most ecologists would postulate climatic adaptations for germination of geographi¬

cally distinct plant populations. Indeed, geographical patterns of germination requi¬

rements are reported in a number of studies (e.g. Probert et al. 1985; Bevington

1986; Vakshasya et al. 1992; Gilfedder & Kirkpatrick 1994; Sawada et al. 1994). A

typical example for latitudinal and altitudinal gradients in germination of weed spe¬

cies is reported by Özer (1996) who showed for Turkish populations that seeds

from a highly continental mountainous region had wider temperature optimum

ranges and lower minimum temperatures than lowland provenances. However, in

many other studies on germination of weeds and other herbs no consistent geo¬

graphical trend emerged (Lauer 1953; Calamassi era/. 1985; Farmer et al. 1986;

Neuffer & Hurka 1989; Zaitseva 1989; Cousens 1994; Schütz & Milberg 1997;

Thullen & Eberts 1995).

A major obstacle for investigations into effects of seed provenance on ger¬

mination seems to be (1) the presence of different ecotypes, (2) the sometimes

high variation within populations, with often unknown adaptive value, and (3) the

high number of simultaneously interacting environmental factors. For a certain

group of species, Thompson (1973) showed that variation in dormancy exceeds

the importance of relatively small changes in germination responses to tempera¬

ture, and both factors together form an adaptation mechanism. Additionally, some

studies might be affected by the method of seed storage, because duration of

storage can influence temperature dependency which may lead to lower minimum

germination temperatures (Vegis 1965).

In this complex situation the behaviour of a given seed provenance is hardly

predictable, and new studies are needed on the germination of geographically di¬

stinct provenances. Multivariate techniques could help to clarify the interaction of

various environmental factors during germination. It would also be interesting to

have links between germination behaviour and habitat or life form categories; for

instance Baskin & Baskin (1988) found that germination phenology is highly cor¬

related with germination responses to temperature in annuals, but not in perenni¬

als.

The present study is prompted by an applied agricultural research question.

Recently, in central and western Europe seed mixtures of arable weeds and of
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grassland species were introduced to create wildflower strips for ecological com¬

pensation sites in intensively used agricultural landscapes, e.g. on set-asides

(Ramseier 1994). The aim of these measures is to increase connectivity and bio¬

diversity of the agricultural landscape. These rich mixtures of native wildflowers

have a higher benefit for wildlife than single-species cover crops (e.g. Phacelia ta-

nacetifolia) and replace them more recently in Switzerland. Partly for reasons of

availability and partly on grounds of costs, there is a temptation to import wildflower

seeds from other countries (especially eastern Europe for rare arable weeds, or

even Australia). However, conservation authorities have repeatedly criticized this

practice and have recommended the use of local provenances for planting wild

species (Akeroyd 1994a,b; SKEW 1995). This argument is based mainly on three

assumptions: (1) the introduction of foreign seed material may have a detrimental

effect on the genetic integrity of local populations, (2) it may cause lower benefit for

herbivores and other organisms which are associated with these plant species,

and (3) the introduced provenances could have a reduced performance in the tar¬

get sites because of insufficient adaptation to the local conditions. Clearly, germi¬

nation is crucial for successful establishment of wildflower communities in the field

sites, and therefore important for the creation of a dense vegetation cover to sup¬

press noxious weeds, and to achieve the ecological benefits of a richly flowering

vegetation (Ramseier 1994).

This study is part of a more comprehensive project on effects of foreign seed

provenances within ecological compensation areas. The focus is on different suc¬

cess of seedling establishment and life history traits (Keller & Kollmann 1998),

patterns in germination, genetic effects of hybridization between distant plant po¬

pulations, and compatibility of remote provenances with associated organisms,

e.g. herbivores, symbionts, parasites and pathogens.

The specific questions addressed by the present study are:

Are there differences in the germination response of different European proven¬

ances of selected weed and grassland species?

Which environmental factors are most responsible for differential germination?

If there are provenance-specific patterns in germination, how do they fit within a

central European climatic gradient from England to Hungary?

How important might be differential germination of introduced seed material for

establishment and value of agricultural compensation sites?
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3.2 Material and methods

Experimental species

Seven herbaceous species commonly used in ecological compensation sites

were chosen, including two annual arable weeds (Centaurea cyanus L, Papaver

rhoeas L.), two biennials (Cichorium intybus L., Daucus carota L), and three per¬

ennials (Hypericum perforatum L, Leucanthemum vulgare Lam. s.str., Silene alba

(MILLER) E.M.L Krause) of which in the first two clonal growth is important. Table

3.1 summarizes the life histories, habitats and provenances of the species.

Nomenclature follows Flora Europaea (Tutin et al. 1964-80); only generic names

are used subsequently.

Because of the objectives of the main project, up to eleven European pro¬

venances which were commercially available and may be used by practitioners

were selected. The seed samples had to be completed with seed lots from botani¬

cal gardens and local wild populations. Unfortunately, with few exceptions, only one

provenance per country was available, and thus within-country variability had to be

neglected. The seeds were 1-3 years old (from botanical gardens probably older)

and had been stored at room temperature. The seed provenances cover a W-E

transect through central Europe, thus following a gradient from oceanic (England,

GB) to continental climate (Hungary, H), with Swiss (CH), Austrian (A, only

Cichorium) and various German (D) sites as intermediate countries. No suppliers

of wild plant seeds could be found in Mediterranean and Scandinavian countries.

Table 3.1. Characterization of the tested species and provenances.

Species Life form Habitat Provenances

Centaurea cyanus L. (winter-)annual arable fields CH, Dse, GB

Cichorium intybus L. 1-2 years, monocarpic arable fields A, CH, Dnw, GB, H

Daucus carota L. 1-2 years, monocarpic meadows, ruderal sites CH, De, Dse, GB, H

Hypericum perforatum L. clonal perennial meadows, ruderal sites CH, CHsa, De, GB, H, PL

Leucanthemum vulgare Lam. clonal perennial meadows, ruderal sites CH, Dsw, GB, H

Papaver rhoeas L. annual arable fields, ruderal sites CH, De, F, GB, H

Silene alba (Miller) E.M.L Krause perennial, polycarpic ruderal sites, arable fields CH, CH*, Dse, GB, H

Provenances: A, Austria; CH, Switzerland, eastern midland; *, Zürich, wild; sa, southern Alpine;
D, Germany (c, central; nw, north-west; se, south-east; sw, south-west); F, France, Haute Savoie;
GB, England; H, Hungary; PL, Poland, Krakow.

It is important to separate the incidence of dormancy from the basic germi¬
nation requirements of seeds. In studies on environmental effects on germination

the dormancy has either to be broken or dormant species must be excluded. In this
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study the species investigated showed no apparent dormancy, except Hypericum
and Papaver which were not included in the main experiment.

Growth chamber experiments

The germination experiments were performed both in four growth chambers
TM

(Convirant ) and in common garden plots. In growth chambers seeds of Centau¬

rea, Daucus, Leucanthemum and Silene were exposed on three layers of moist

filter paper (Schleicher & Schuell LS 14) in plastic Petri dishes with 9 cm diameter.

The growth chambers were adjusted (a) to constant temperatures (5, 10, 15, 20°C;

16 h day length), and (b) to alternating day/night temperatures (15/5°C; 20/10°C),

with short-day or long-day conditions (10 h, 16 h). The aim of the study was to ge¬

nerate conditions similar to those when natural germination occurs in spring in

central Europe. Humidity was set to 85% and light intensity was 200 jimol m"V1,
and varied not more than ±10% within and between the chambers. Each species

was tested in four dishes containing 50 seeds each, arranged in a randomized

(S)
block design. The fungicide Benomyl (0.1% Benlate

,
Du Pont SA) was added to

the deionized water to suppress growth of mould. Actual temperature and irra-

diance in the growth chambers were checked repeatedly, and proved to be highly

constant and close to the setting values, except for the 20/10°C long-day combina¬

tion which had to be abandoned because of a severe regulation failure. All emerg¬

ing seedlings were counted and removed every day.

Common garden experiment

A field germination experiment was set up in the Institute's experimental garden at

Honggerberg (Zurich, 523 m a.s.I.). In mown plots of a fallow field (20 x 20 m2) trays

(36 x31 x6.5 cm3) were randomly arranged, sunk into the ground, and protected

with wire mesh (2 cm) against seed prédation by birds or rodents. Some 50 seeds

each of Centaurea, Cichorium, Daucus (stratified), Hypericum, Leucanthemum,

Papaver and Silene from different origins were sown on cultivation substrate

(fertilized, mixed with quartz sand and vermiculite); tap water was supplied only

once at the beginning of the experiment. The germination experiment was per¬

formed from 17 April to 11 June, 1996; average daily temperature and rainfall were

9.4°C, 46 mm in April, 12.2°C, 140 mm in May, and 17.2°C, 98 mm in June, with

one frost event in the first week of April (SMA 1996). The emerging seedlings were

recorded and removed every third day.

Data analysis

The germination rates in the growth chambers at different temperatures were fitted

either linearly or with reciprocal transformation of the x-values, to calculate the tem-
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perature-dependent increment of germination. Centaurea and Leucanthemum ex¬

hibited an asymptotic response within the range of temperatures tested, and the

goodness values of the arched curves was better than for linear fits and other pa¬

rametric functions considered. The effects of day length, and of diurnal changing

temperatures were compared on the basis of quotients of germination rates to

avoid the inappropriate comparison of absolute viability of seeds (e.g. Fig. 3.2:

15/5°C vs 15°C const., both long-day).

All germination quotients and regression coefficients (cf. Fig. 3.1) from the

growth chambers and from the common garden experiment were log transformed

and included in a principal component analysis (PCA), to reduce the number of

variables, and to examine species- and provenance-specific responses. The PCA

axes were tested for correlations with climatic data for April and May from stations

representative for the seed origins. Only April and May data were included as these

are the most relevant months for spring germination in arable sites of central Eu¬

rope. Climatic data sets from the following stations were used: Munich, Stuttgart,
Kassel and Essen for German populations from the relevant federal states, Bir¬

mingham for the English origins, Debrecen for Hungarian plants, and Zürich for the

local seed material (Müller 1982). All statistical analyses were performed with

JMP®ofthe SAS Institute, or calculated after Stahel (1995). The abbreviations for

levels of significance used are: *, P< 0.05; **, P< 0.01; ***, P< 0.001.

3.3 Results

Temperature effects

The germination response to increasing temperatures (5-20°C) was significantly
different among the four main species and four provenances tested, comparing

only the slopes of the respective curves and not the absolute values (ANCOVA, P <

0.05; Fig. 3.1). Silene showed the strongest response with no germination at 5°C

and a steep germination increment with rising temperature. Centaurea, on the

other hand, was least responsive to increasing temperature; Daucus and Leucan¬

themum were intermediate. The English origins (GB) of all four species had a lo¬

wer germination increment, and this effect was strongest in Silene, where at 20°C

all samples germinated equally well (82-87%), but at 10°C the germination of the

English seeds was two to three times higher than that of the continental samples

(D, Germany; CH, Switzerland; H, Hungary).
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Figure 3.1. Temperature dependence of germination, measured under constant temperatures in

growth chambers. Four dishes with 50 seeds each were used per species and treatment. Fitted

lines are either linear or reciprocally transformed, depending on r2. Goodness of fit was P < 0.01

in all cases except the English Centaurea; significant differences of slope compared with the

Swiss origins are indicated (ANCOVA). For abbreviations of provenances see Table 3.1.

Among the four main species investigated in growth chambers the germina¬

tion increment with increasing temperature was clearly different within the tested

range. The shape of the response curves in Fig. 3.1 separate Centaurea and

Leucanthemum from Daucus and Silene. In the first two species germination was

already high at 5 and 10°C, and no further increase occurred for 15-20°C, whereas

the other two species had less than 50% germination at 5 and 10°C, respectively,
and the germination rate for higher temperatures followed a more or less linear

equation, with probably optimal germination above 20°C.
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Figure 3.2. Effects of alternating temperatures on germination in growth chamber experiments,
expressed as the ratio of germination at alternating temperature (15/5°C) to constant

temperature (15°C). Significant deviations to parity (dotted line) were tested with a Mann-

Whitney U-test (means ± CV). Abbreviations of provenances in Table 3.1.

Effects of diurnal temperature fluctuations

The effects of alternating temperatures on germination were investigated by divid¬

ing the germination rates under alternating temperatures by those under constant

temperature (Fig. 3.2). Temperature fluctuation was clearly a trigger for germination

in all Daucus provenances, and this effect was significantly higher for all provenan¬

ces (D, GB, H) compared with Swiss seeds. In Leucanthemum (GB) and in Silene

(GB, H) the most distant provenances showed a stronger effect of alternating tem¬

peratures. However, in Leucanthemum the effect was negative and in Silene posi¬
tive. Seeds of Centaurea were not affected at all.

Effects of day length and temperature

The long-day treatment (16 h) enhanced germination in some Silene provenances,

with the two Swiss origins (Swiss midland: commercial/wild) showing both fivefold

germination rates relative to short-day conditions, and a 2-3 fold rate in the

southeastern German provenance (Dse). It is likely that this extreme effect was

partly caused by warming up of the seeds under the light sources inside the growth

chamber, because increasing the temperature to 20°C instead of providing more

light had a nearly identical effect. All other species were indifferent towards day

length (P < 0.05), except the Hungarian Leucanthemum seeds which doubled their

germination rates under long-day conditions.
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Also compared were germination rates under 15/5°C long-day vs 20/10°C

short-day conditions, i.e. seeds were confronted either with a longer light period or

more warmth. All Daucus provenances profited from higher temperature, and

Leucanthemum exhibited an origin-dependent pattern. In this species the English

and German samples were equal under both treatments, the two Swiss samples

responded more to light, and the Hungarian seeds germinated preferably under

warmer conditions with shorter daylight. The situation in Silene was erratic: the

provenances were either indifferent or stimulated by warmth. As in almost all other

conditions, Centaurea was indifferent to longer and warmer days.
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Figure 3.3. Germination under natural conditions in a common garden experiment, relative to

maximal germination in Petri dishes in growth chambers (for Cichorium in greenhouse).
Significant differences in relative germination compared with the Swiss origins are indicated

(ANOVA; means ± coefficient of variation). Abbreviations of provenances in Table 3.1.

Common garden experiment

Relative to the optimal germination in growth chambers (Cichorium in greenhouse)

the rates in the field were always lower (Fig. 3.3), with the exception of Papaver. Pa¬

paver and Hypericum had to be excluded from this analysis because of interfe¬

rence of dormancy. In Hypericum the dormancy mechanism arises from an inhibi¬

tor in the seed coat (Campbell 1985), and Papaver exhibits a hard coat dormancy

(Harper & McNaughton 1960). Clearly, Papaver benefited from field conditions,

because germination in Petri dishes never exceeded a few percent for all proven¬

ances but reached up to 64% in the common garden experiment. In contrast, Hype¬

ricum showed higher germination rates on filter paper, where the germination inhi¬

bitor was probably more effectively washed out. The high variation of Hypericum

under field conditions could be the result of variable dormancy among the proven¬

ances. Also, the seeds of the five other species performed slightly less well in the
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field, compared with the more sterile Petri dish conditions. The reduction was si¬

gnificantly higher for the more distant origins from England (57%) and Hungary

(60%), but only between 75% and 82% for Swiss and German (and Austrian) pro¬

venances (means over all species).

Fig. 3.4 summarizes phenological differences, i.e. earlier or delayed

germination under field conditions compared with the local Swiss seeds. The only

distinctive origin-specific behaviour was that of the English seeds, which showed a

delayed germination in all species, with exception of the English Cichorium seed

which germinated immediately; this supports the authors' suspicion that this seed

lot was probably from a long-term cultivated population (Keller & Kollmann 1998).
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Figure 3.4. Phenological shifts in germination under field conditions compared with the Swiss

provenances; only significant deviations are shown (P < 0.05) (>, delayed germination; 4-,
earlier germination; =, no significant difference; nn, no sample). As one example the
cumulative germination rates are given for four provenances of Cichorium. Abbreviations of

provenances in Table 3.1.

Multivariate analysis of the data

The first three principle components (PCA) account for 49, 22 and 12% of the

sample variance. Fig. 3.5 shows the ordination of the populations included

(Centaurea, Daucus, Leucanthemum, Silene); only populations with complete data

sets are included in this analysis. The axis U1 exhibited highest correlation with the

germination increment under increasing temperature (Spearman rank, rs = 0.77, P

< 0.001), and the effect of day length (rs = 0.89, P < 0.001); U2 correlated best with

diurnal temperature variation (rs = 0.77, P< 0.001), and U3 with relative germina¬
tion under field conditions (rs = 0.85, P < 0.001). Excluding the Hungarian Leucan¬

themum, which was an outlier in many aspects, the four species clustered in di¬

stinct groups, where Silene showed the widest and Centaurea the lowest dispers¬
ion in U1; the other two species were more intermediate (Fig. 3.5a). The clear
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séparation of the English origins of Centaurea, Daucus and Silene (Fig. 3.5b) on

axis U3 is remarkable.

U2 by U1

Figure 3.5. Principal component analysis on germination data of all measurements (calculated
scaled and centered), with 90% density ellipses of the species. Abbreviations of provenances
see Table 3 1.
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Reasonable correlations between provenance-specific germination re¬

sponse and climatic data (April and May) from stations, which were representative

for the seed origins, were found only with U3 (Table 3.2). Average daily and

absolute minimum and maximum temperatures, as well as the amount of

sunshine were clearly correlated with U3 (Spearman rank, P < 0.05), whereas

neither amount nor distribution of rainfall were correlated. The correlations were

tighter for the May data than for those from April.

Table 3.2. Spearman rank correlations between germination characteristics (the
axis U3 of a PCA) and climatic data from the countries of the seed provenances.
The climatic variables follow decreasing level of correlation for May

Climatic characteristics (Müller 1982) April May

Absolute temperature amplitude

Daily temperature amplitude

Mean daily temperature

Mean daily maximum temperature

Absolute minimum temperature

Mean precipitation

Absolute maximum temperature

Mean duration of sunshine

Mean daily minimum temperature

Mean no. days with precipitation

* P < 0.05

Correlations of germination with climatic variablesThe temperature-slope values

of the various provenances were correlated with the absolute minimum

temperature of the respective climatic stations in April (r= -0.55, P = 0.032). This

suggests that a higher probability of frost incidences enhances the influence of

temperature on germination. Rainfall, although having the widest range between

the stations, did not show any correlation with the germination responses.

3.4 Discussion

Methodological constraints

To avoid the influence of different conditions on seed production and storage,
seeds for germination experiments should be produced and stored following a

standardized protocol. In this applied study commercially available seeds were

tested instead of the optional collecting from wild populations and producing

0.48 0.52*

0.44 0.51

0.31 0.51*

0.48 0.47

-0.40 -0.46

0.13 0.46

0.47 0.44*

0.45 0.43

-0.31 0.33

-0.11 -0.31
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seeds freshly under experimental conditions. It cannot be excluded that conditions

of seed production and storage were different among the various collections. This

may have caused differences between provenances, for example in dormancy

which can interfere with the germination response (Vegis 1965). However, by ana¬

lyzing only germination ratios the authors attempted to avoid this interference,

contrary to other studies (e.g. Perez-Garcia et al. 1995). Nevertheless, strictly

speaking we have not tested well defined geographical seed origins, but rather

loosely described "seed company provenances".

Unfortunately, we were also unable to investigate within-country variability of

germination traits which is desirable to evaluate possible functional adaptions to

climatic factors, as emphasized by Schütz & Milberg (1997). In most species tested

it was suspected that inter-populational variation on a regional scale was similar to

the two Mediterranean weeds studied by Perez-Garcia et al. (1995). However, the

objective of the present applied study was neither to detect inter-populational varia¬

tion in germination nor to establish a sound correlation with certain climatic factors,

but to investigate the behaviour of foreign seed provenances under local Swiss

conditions in ecological compensation sites.

Experiments in light chambers have certain limitations, because many fac¬

tors are missing and/or are different from natural conditions. Light intensity is se¬

veral times lower than full sunlight, and moisture is constant and more optimal for

germination. When using Petri dishes, the temperature at the seed level can be

higher than the value set for the chambers, especially for dark seeds. This promp¬

ted the inclusion of a germination experiment in a common garden plot, as sugge¬

sted by Schütz & Milberg (1997).

Earlier studies derived germination curves from a wider range of temperatu¬

res (Lauer 1953: 2^0°C; Thompson 1973: 0-40°C; Otte 1996: 3-35°C), whereas

the relevant section of this curve for effective establishment following sowing in

spring is between minimum temperature, where germination starts, up to the op¬

timum. Also, temperature-related differences in germination between populations

or subspecies are often found predominantly at suboptimal temperatures

(McWilliams et al. 1968; Gilfedder & Kirkpatrick 1994; Thomas et al. 1994).

Germination increment with temperature

The observed differences in germination increment with temperature may lead to

earlier emergence of Centaurea and Leucanthemum under field conditions in

spring. A possible explanation could come from differential habitat conditions. It is

postulated that Centaurea and Leucanthemum benefit from their "germination ni¬

che" under intense competition in dense vegetation. Under such conditions early

emergence and growth of seedlings in spring is probably advantageous to escape
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competition. The implication of this argument for Daucus and Silene is that these

species may germinate later in spring, because competition is less strong in their

preferred habitat. However, the timing of emergence and the effects of competition

have to be checked with field observations and experiments, because no evidence

supporting this hypothesis is available in the literature (cf. Oberdorfer 1994). The

extensive study of Grime et al. (1981) revealed no consistent correlation between

optimal temperatures for germination and habitat characteristics, except in

marshland and forest species.

Species-specific responses

The most important factors to separate the different provenances were temperature

and day length. However, whether the observed differences between provenances

have a genetic basis (cf. Honek & Martinkovâ 1996) needs to be checked.

The minimal variation among the provenances of Centaurea, as observed in

the responses to diurnal temperature fluctuation and day length, as well as the al¬

most identical time course of germination under field conditions, corresponds with

previous results on morphological and phenological traits (Keller & Kollmann

1998). As a typical weed of cereal fields, this low level of variation can be explained

by overriding adaptation to agricultural management rather than to the climatic en¬

vironment. Additionally, local adaptation of arable species could have been re¬

stricted by frequent seed transport between regions arising from trade with crop

seeds (Müller-Schneider 1983; Kornas 1988). This is well known for Agrostemma

githago, a crop mimic with high germination over the whole range of 3-35°C (Lauer

1953; Otte 1996), and no dormancy at all (Thompson et al. 1997).

Daucus carota was separated from all other species by the strong effect of

temperature fluctuations which is believed to stimulate germination in many spe¬

cies (Lauer 1953), or may even be obligatory to break dormancy, e.g. in Papaver

(Harper & McNaughton 1960). Although it is known that dormancy in Daucus is

broken by frost (Grime et al. 1989), there seemed to be a different factor at work in

the English seeds. Although apparently viable they germinated poorly under all test

conditions, especially in the common garden experiment.

In the case of Leucanthemum, the Hungarian provenance turned out to be

an outlier in every aspect, probably caused by long cultivation in the Botanical Gar¬

den Budapest. The other provenances were more or less indifferent to the factors

tested, and had a low temperature optimum between 10 and 15°C.

Thermophily was a common attribute for all Silene provenances, but like the

preference for long daylight, it was most distinct in the two Swiss populations. A

possible explanation for this remarkable response to the long-day treatment could

be a protective mechanism to prevent germination in mid-winter, when temperatu-
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res in Alpine areas can suddenly rise up to 20°C from episodical foehn weather

conditions (SMA 1996). Likewise, the two Swiss Leucanthemum samples were

stimulated better by a longer light period than by higher temperatures.

Provenance-specific responses

The distinct germination responses of the English samples are likely a result of the

climatic properties in winter and spring, which either requires different germination

triggers or admits earlier germination. A possible explanation for the delayed ger¬

mination under field conditions is that they require a relatively high soil moisture,

which was low in the first period of the experiment. In general, seeds from the most

distant provenances (England and Hungary), although these countries are climati¬

cally quite opposite, performed less well under field conditions than those from

closer to the test site. These results are interpreted as a distance-related lack of

adaptation to the local Swiss field conditions, caused by decreasing similarity of

the abiotic and biotic factors.

The inconsistent behaviour of the eastern continental provenances may re¬

flect not only poor seed quality of some Hungarian provenances, but also the am¬

biguous characteristics of the Hungarian climate. The well known traits of a conti¬

nental climate are based on whole-year comparisons, but they do not hold for the

spring months, when the Hungarian weather is often mild and only slightly drier

than at more western European stations (Müller 1982). Indeed, in a previous study

(Keller & Kollmann 1998) on phenological traits which are not only affected by

spring climate, the Hungarian provenances were outstanding by delayed flowering

phenology (Agrostemma, Leucanthemum, Papaver, 2nd year only in Daucus) and

delayed life history (Cichorium, Leucanthemum), with Hypericum the other way

round. Comparing these phenological results with the germination shift, corres¬

pondance is given in Hypericum, Papaver and Silene for all provenances, and in

the Hungarian provenances of all species except Daucus.

Correlations with climatic variables

Although the germination rates in the common garden experiment showed a tight
correlation to the PCA axis P3, which was connected with climatic data along the

European transect, the fact that the major experimental variables, temperature and

light period (defining P1 and P2), did not correspond with any climatic variable

whereas the germination performance under field conditions did, suggests that the

interactions of climatic factors are difficult to simulate in growth chamber experi¬
ments. This might be because special microclimatical and biological factors, e.g.

seed predators or fungi, are important agents of selection (cf. Harper 1977).
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A serious obstacle within the present study was the wide range of possible

triggers for germination which include variation in temperature (Thompson et al.

1977), radiation, photoperiod, soil nutrients, biological factors, endogenous

rhythms, storage conditions and their interactions, possibly overlayed by various

types of dormancy. This explains the difficulties in finding straightforward correla¬

tions, and confirms the need for a multivariate analysis.

Thus, an important subsidiary finding of the present study is the response of

cultivated populations which often lose their adaptations to specific selection

pressures. Although most seed lots from commercial reproduction showed no ap¬

preciable differences from those collected from wild plants, seeds from botanical

gardens or commercial cultivars were often the outliers in many aspects, e.g. the

Hungarian Leucanthemum, the French Papaver, and the Cichorium from England.

In prolonged cultivation of wild plants some regulation mechanisms might disap¬

pear, e.g. those which prevent seedling mortality from frost. To prevent this, it is

important for the production of seed of wild plants to mix or replace the seed mate¬

rial after some years with wild collections, and selection of seeds, e.g. by seed size

during the purification process, has to be avoided. The provider of our local Swiss

seed lots follows this protocol.

3.5 Summary

This study provides a number of answers to the research questions set out in the

introduction. (1) For all seven weed and grassland species selected some diffe¬

rences in the germination response of the European provenances, except Centau¬

rea, were found. (2) Temperature and temperature fluctuations were the main trig¬

gers for germination; day length was only of minor importance. In the field, where

germination was lower, special factors seemed to be relevant which could not be

simulated by varying temperature and light in growth chambers. (3) A number of

provenance-specific patterns in germination were observed, e.g. low responsive¬

ness towards temperature in the English seeds, and decreasing germination un¬

der field conditions with increasing distance of the provenance. Some of these re¬

sults fit within a European climatic gradient from England to Hungary. (4) The au¬

thors believe that the observed provenance-specific germination may affect

establishment of the introduced species in agricultural compensation sites. In

some cases this may be sufficient to influence plant cover and reduce the success

of a planted set-aside community. However, the risk of poor establishment from

foreign seed material is clearly species-specific, as in some species differences

between provenances were pronounced (e.g. Silene), whereas in others
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(Centaurea) variability was low. Clearly, more observations and experiments are

needed to check for the applications of the present results under field conditions.
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4. Differences in synecological properties of local and alien weed

provenances - A case study with herbivory by slugs and infesta¬

tion by two pathogens, Phytomyza leucanthemi and Puccinia be-

henis

Printed as: Keller, M., Kollmann, J. & Edwards, P.J. (in press) Palatability of weeds

from different European origins to the slugs Deroceras reticulatum and Arion lusita-

nicus. Acta Oecologica.

Abstract

As part of a study on the significance of seed provenances in schemes to enhance

biodiversity in agricultural habitats, juvenile plants of Cichorium intybus, Daucus ca¬

rota, Leucanthemum vulgare and S/7ene alba of different European origins were ex¬

posed to grazing by two slug species, Deroceras reticulatum and Arion lusitanicus.

Living plants were offered in trays, either in a glasshouse (Deroceras) or outdoors

(Arion). The amount of herbivory was origin-dependent, with higher losses for all

four species in German and Hungarian provenances compared with English and Swiss

plants. The main trend was similar for both slug species except in the case of Daucus,

and there was a significant origin x plant species interaction. We found strong corre¬

lations between provenance-specific herbivory and certain climatic characteristics of

the corresponding regions, i.e. winter minimum temperatures, and dryness in spring
and late summer, which are crucial for the development of slugs. The results can be

interpreted in terms of a SW-NE European climatic gradient and may be a conse¬

quence of differences in the need for plant defenses against herbivory by slugs. Addi¬

tionally, the data on palatability were compared with susceptibility towards two para¬

sites which occurred in a field experiment, a leaf miner on Leucanthemum vulgare
and a rust fungus on Silene alba. While specific leaf mining frequencies on Leucan¬

themum contrasted with the palatability of the different provenances to slugs, the

rust infection on Silene was low on local and German plants, and higher on the more

distant provenances from England and Hungary.
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4.1 Introduction

In the last decade, the use of wildflower seed for ecological compensation sites,

habitat restoration or re-introduction of species has led to an increasing exchange

of seed material between European regions. This practice has been criticized for

several reasons (Akeroyd 1994; Hodder & Bullock 1997). It is suggested that, be¬

sides problems of poor adaptation to the local abiotic environment, interactions

with associated organisms such as herbivores or pathogens should be a further

argument against long-distance seed exchange. As part of a larger project to eva¬

luate the significance of seed provenances for wildflower strips in agricultural land

(Keller & Kollmann 1998, 1999) we investigated herbivory by slugs, because these

organisms are widespread in agroecosystems throughout Europe and are par¬

ticularly abundant in wildflower strips (Frank 1996, 1998; Friedli & Frank 1998).

Slugs and snails represent an important selection pressure (Harper 1977; Hanley

1998), which may lead to the evolution of resistance to herbivory; they may also be

critical for the successful establishment of ecological compensation sites.

Slugs are generalized herbivores, since they show no tightly coevolved rela¬

tionships with their food plants (Rathcke 1985). Yet Dirzo (1980) called them

"acceptability-moderated generalists", as they learn to avoid certain food after un¬

pleasant or harmful encounters (Whelan 1982; Bailey 1989), which leads to a di¬

stinct hierarchy of preferred food plants. Comparative data on the palatability of va¬

rious plant species to snails and slugs are available for Deroceras caruanae (Dirzo

1980), D. reticulatum (Duval 1971; Rathcke 1985), Arion hortensis (Duval 1973), A.

ater (Cates & Orians 1975; Jennings & Barkham 1976), A. subfuscus, A. fasciatus

(Rathcke 1985), Ariolimax columbianus (Cates 1975) and Cepaea nemoralis

(Grime et al. 1986).

One of the principal mechanisms of defense by plants is the accumulation of

deterrent chemicals, of which phenolics appear especially significant against

molluscs (Harbome 1993), but morphological traits, e.g. spines and spicules, may

also play a certain role. While hairiness seems to bear no protective property (Dirzo

1980; Grime et al. 1986), the tissue structure can have an influence, as soft-leaved

plants were much more acceptable than those with harder leaves, e.g. for De¬

roceras caruanae (Dirzo 1980). This could also be a reason for the higher within-

species palatability of younger seedlings in some plants (Hanley et al. 1995).
One of the most intriguing examples of intra-specific variation in herbivory is

given by Daday (1954) on varying frequencies of cyanogenic and acyanogenic
forms of Trifolium repens within Europe, ranging from 100% cyanogenic Mediterra¬

nean populations to 0% in the very northern and eastern European populations

(Jones 1972). The microevolutionary component of this adaptation is confirmed by
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a trade-off between defense against slugs and competitive vigour (Cates 1975; Rai

& Tripathi 1985), or else between protection against slugs and degree of re¬

sistance against other organisms, for example cyanogenic protection in Trifolium

repens vs rust infection (Dirzo & Harper 1982). Another antagonism arises in this

example from the possibility of autotoxicity of cyanogens in frost-prone climates.

Certainly, the need for plants to invest in antiherbivore defense depends on the lo¬

cal abundance of slugs, which seems to be restricted by the incidence of winter

frost and drought periods in summer (Miles et al. 1931; Dmitrieva 1969; Moens

1989; South 1989). Thus region-specific variation in palatability might be explained

by certain climatic gradients.

This study investigates the following research questions:

Does palatability to slugs differ for European provenances of weeds along a SW-

NE gradient?

Is any such variation consistent for different plant and slug species?

Is differential herbivory correlated with certain climatic traits of the regions where

the seeds come from?

Is there a trade-off between palatability to slugs and resistance against other

herbivores or pathogens?

4.2 Material and methods

Plant species

We included four weed species which are commonly planted on ecological com¬

pensation sites in Swiss agricultural land (Ramseier 1994): Cichorium intybus L.

(Asteraceae), Daucus carota L. (Apiaceae), Leucanthemum vulgare Lam. s.str.

(Asteraceae) and Silene alba (Miller) E.M.L Krause (Caryophyllaceae). Nomen¬

clature follows Flora Europaea (Tutin et al. 1964-80); only generic names are used

subsequently. From the full range of species, which are sown in such areas and

which were used in previous studies (Keller & Kollmann 1998, 1999), Agrostemma

githago L., Hypericum perforatum L. and Papaver rhoeas L. were excluded,

because damage by slugs to these plants had not been observed in previous field

experiments. Pastinaca sativa L. was included initially, but was almost completely

rejected by slugs, and so this experiment was discontinued.

Plants were grown from seeds which had been obtained from commercial

wildflower suppliers. In order to maintain good genetic quality of the seed, some

companies collect seeds from wild populations or at least replace the seed stock

every 3-4 years by new wild material. However, this practice may differ among the

seed companies (Table 4.1). We purchased seeds from England, Germany, Hun-

41



gary and Switzerland, and also included wild populations of Daucus, Leucanthe¬

mum and Silene (Zurich, Switzerland) and Cichorium (Graz, Austria). The seed

companies provided information about seed provenances on a county level in most

cases (Fig. 4.1, Table 4.1).

Figure 4.1. European origins of the seed

lots tested. C, Cichorium; D, Daucus; L,
Leucanthemum; S, Silene, •, all four

species; for further details see Table

4.1.

Table 4.1. Origin of the plant material used in the experiments on herbivory by slugs (n.n., unknown)

Provenance

Plant species English (GB) German (D) Hungarian (H) Swiss (CH)

Cichorium intybus
Region n.n. North Rhine-Westphalia Hortobagy Natl. Park East Midlands

Seed company
Herbiseed Appel1'2 Bot. Garden Vacratot Fenaco1,2

Wild collection? no yes yes no

Daucus carota

Region Somerset Hesse / Bad.-Württemb. Hortobagy Natl. Park East Midlands

Seed company Emorsgate2 Appel1,2 (De) Ingegn. (Ds) Bot. Garden Vacratot Fenaco1,2

Wild collection? no yes (Dc) / no (Ds) yes no

Leucanth. vulgare
Region Norfolk Baden-Württemberg n.n. East Midlands

Seed company Emorsgate2 Appel1'2 Szilas Fenaco1,2

Wild collection? no yes yes no

Silene alba

Region Lines Bavaria n.n. East Midlands

Seed company Emorsgate2 Appel1'2 Bot. Garden Vacratot Fenaco1,2

Wild collection? no no no no

1No pesticides used.

2PIants replaced by wild collections after 3-4 generations.
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The number of provenances tested was restricted by the availability of com¬

mercial wildflower seeds within Europe. Unfortunately, no suppliers from Mediter¬

ranean and Scandinavian countries were found. The decision to take plant material

from commercial sources was influenced by the main goal of the project, which is

to assess the potential consequences of the use of seeds from distant sources on

ecological compensation sites.

Slug species

The gray field slug, Deroceras reticulatum Müller, is probably the most important

mollusc herbivore in central Europe, and a serious pest in various crops (Martin &

Kelly 1986; Friedli & Frank 1998). Deroceras is well suited to arable habitats

(Evans 1972), obviously being tolerant to ploughing. The two species Deroceras

reticulatum and D. agreste L. cannot be distinguished by eye with certainty. In the

study area both species were present. However, the majority of the individuals col¬

lected for the experiments were determined as D. reticulatum, although the

presence of some D. agreste cannot be excluded.

Another important slug of anthropogenic habitats is Arion lusitanicus

MABlLLE(cf. Friedli & Frank 1998), which invades arable fields from shelter places

in nearby grassland and hedgerows, mainly in the night or during moist weather.

There has been some taxonomic confusion in recent years concerning the specific

identity of the slugs in the A. ater complex. According to current slug systematics,

the species which is common in agricultural land and settlements is the Mediter¬

ranean A. lusitanicus while the native A. ater spp. rufus became restricted to un¬

disturbed natural vegetation (cf. Von Proschwitz & Winge 1994).

The larger Arion species are quite mobile, travelling around when foraging

(Müller & Ohnesorge 1985), in contrast to D. reticulatum where very small vertical

travel distances had been observed (Barnes 1952; South 1965). Both slugs mainly
feed on fresh plant material, climbing up their food plants under favourable condi¬

tions (Jennings & Barkham 1975, 1976).

Experiments on herbivory

Juvenile plants of equal age (2-4 weeks, depending on the species) and size (3-5

cm rosette diameter) of Cichorium, Daucus, Leucanthemum or Silene, respectively,

from four European provenances were planted, in 22 cm x 16 cm x 5.5 cm trays,
filled with universal substrate (fertilized, mixed with quartz sand and vermiculite).
The different provenances of the plants were arranged in a latin-square design, in

three rows containing one plant of each provenance, i.e. 15 plants in every tray,

resp. 18 for Daucus; the distances between the seedlings were 3-4 cm. After

some days of recovery from transplantation, the seedlings were exposed to either
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of the two slug species. Five trays were prepared for each plant species and for

both slug species between May and September 1997.

For the exposure to Deroceras, a frame covered by nylon mesh was put

around the trays, and these microcosms were maintained in a glasshouse at am¬

bient temperatures and no artificial light, at the Institute's experimental garden

(Hönggerberg, Zurich; 523 m a.s.I.). The slugs were freshly collected from the sur¬

roundings of the garden, and 6-12 individuals were introduced per tray. The num¬

ber of slugs was varied to achieve a medium grazing intensity within each tray. That

way the experiment was optimal for the measurement of relative palatability of the

different provenances, but certainly not for a comparison of the plant species which

was not the objective of our study. For the corresponding experiment with Arion,

identical trays with juvenile plants of different provenances were exposed under a

cluster of shrubs in the experimental garden where these slugs were particularly

abundant. There was no evidence of damage by other herbivores in this site. If

grazing by other molluscs occurred it was certainly less important than the impact

of the highly abundant Arion.

Recording herbivory

When the most damaged seedlings had lost 80-100% biomass the experiment

was stopped, with an average exposure duration around ten days. Losses of leaf

material as the proportion of the whole shoot were estimated by eye in 10% inter¬

vals. This estimation was done in a "blind fashion", i.e. without knowing the pro¬

venances of the plants. As two of the 40 trays were overgrazed and excluded from

the analysis the factor plant species was unbalanced in the overall analysis.

Observations on the incidence ofparasites

In an additional field experiment, the incidence of other herbivores and pathogens

on adult plants was recorded to investigate possible links or interactions between

palatability to slugs and resistance to other herbivores and pathogens. Starting in

May 1997, seedlings were planted in a latin square design in 1.5 m x 1.5 m blocks

on a freshly ploughed field in the experimental garden. There were three replicates

of the blocks, each containing the provenances of one species in a latin-square

design. This arrangement excludes possible interference of density and

neighbourhood effects. The management involved repeated weeding and watering

in the first month. Susceptibility levels were recorded in three levels (intensely in¬

fected, infected, no spots) for the rust infestation on Silene, and presence/absence

of mined leaves on Leucanthemum rosettes. Another herbivore (Hadena sp., Lepi-

doptera) was frequently present in Silene capsules, but its impact could not be
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quantified, because not all individuals were flowering in the first year, apart from the

problems with different genders in this dioecous species.

Correlations with climatic traits

Climatic factors such as winter temperatures and moisture in the summer season

may have a major effect on slug abundance in different geographical regions. Pro¬

venance-specific palatability was therefore compared with climatic traits of the re¬

spective region. Of course, the various slug species have variable times for the de¬

velopmental stages in which sufficient moisture is needed, i.e. hatching and egg-

laying. These events are most likely avoided in the rather hostile midsummer,

when some species estivate in response to dry conditions (South 1992). For these

reasons, we decided not to include dryness records of the whole summer. The

data of leaf damage were square-root transformed and Pearson product-moment

correlations calculated with climatic variables from the station nearest to the plants'

origin. The three variables considered were mean daily minimum temperature in

January, and water balance in spring (mean of April - June) and late summer

(August and September) (Müller 1982). Water balance was calculated as mean

amount of precipitation minus mean potential evaporation. The climatic stations

included were Plymouth for the Somerset provenance, Cromer for Norfolk,

Kingston-upon-Hull for Lines, and Birmingham for those seeds from England for

which the provenance was not precisely known (Cichorium); Essen for North

Rhine-Westphalia, Kassel for Hesse, Stuttgart for Baden-Württemberg and Nu-

remburg for Bavaria; Zurich for the eastern Swiss Mittelland and Zurich wild popu¬

lations, Vienna for Austria, and Budapest for all Hungarian provenances.

Further data analyses

An analysis of variance was calculated, including the following effects: slug species

(random), plant species, provenance (random), all interactions thereof, and tray

(random), nested within plant and slug species. The effects slug species and origin

were classified as random effects, because the material tested did not represent

the whole species or possible range of provenances. To include Cichorium into the

model, where no wild Swiss provenance was available, mean values of the corre¬

sponding trays were taken as estimates, and the degrees of freedom reduced,

following Underwood (1997).

All statistical analyses were performed with JMP® of the SAS institute. The

symbols for levels of significance throughout this study are: ns, P >0.05; *, P < 0.05;

**, P < 0.01 ;***,P< 0.001.
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Figure 4.2. Provenance-specific leaf herbivory by Arion lusitanicus and Deroceras reticulatum for
the four weed species (means ± SE). Abbreviation of the provenances: A, near Graz, Austria; CH,
east Midland, Switzerland; CH*, Swiss wild population, near Zurich; Dc, Hesse, central Germany;
Ds, Baden-Württemberg, S-Germany, GB, England; H, Hungary (cf. Table 4.1).

4.3 Results

Provenance-specific herbivory

In a first step, the degree of leaf damage was compared within plant species and

for both slug species separately (Fig. 4.2). The provenance-specific preferences of

both slugs on Cichorium, Leucanthemum and Silene were often similar. Minor

damage was caused on English and Swiss (both commercial and wild) seedlings,

contrasting with a higher damage on German and Hungarian plants, as well as on

Cichorium seedlings from Austria. In Daucus, the situation was similar only for

Arion, although here one of the two German origins (Hesse, central Germany) pro¬

ved to be much less attractive than the others. Deroceras slugs, on the other hand,

fed sparsely on all provenances of Daucus, and there was a significant origin x
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slug species interaction, whereas in the other three plant species, the choices

made by the two slugs were the same.

Table 4.2. ANOVA of the experimental herbivory with two

slug species, four weed species, and five plant
provenances.

Source of variation MS df F ratio P

Tray [plant, slug] 5.74 17 4.95 <0.0001

Slug 19.02 1 3.10 ns

Plant 6.75 3 1.10 ns

Origin 32.69 4 28.18 <0.0001

Slug x plant 8.61 3 1.41 ns

Slug x origin 2.33 4 2.01 ns

Plant x origin 4.59 12 3.96 <0.0001

Slug x plant x origin 1 91 12 1.65 ns

Error 1.16 316

When all plant species and the results for both slug species were included

in one analysis, the rank order of palatability was the following: Hungarian > Ger¬

man > Swiss, English plants (Fig. 4.3a). Significant provenance effects and an

origin x plant species interaction were observed (Table 4.2), the latter mainly

caused by the German and the Hungarian provenances of Silene and Cichorium

(Fig. 4.3b).

Other herbivores and pathogens

The plants in the 1997 field experiment were hardly attacked by other herbivores or

pathogens, although they had been in earlier experiments. In Silene a serious in¬

festation by the rust fungus Puccinia cf. behenis occurred in late autumn with in¬

creasing intensity for further distance of the origins; local wild plants were least

affected, while there was a moderate degree of infestation on Swiss commercial

and Bavarian Silene, and the highest values were for those from England and

Hungary (Fig. 4.4a).
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Figure 4.3. Provenance-specific leaf herbivory of both slug species: (a) averages over all plant

species (least squares means ± SE), different small letters indicate significant differences for

means comparison (Tukey-Kramer test, P< 0.01), and (b) interaction plot for differences between

plant species. For abbreviations of provenances see Fig. 4.2 and Table 4.1.

In contrast, the frequency of the leaf miner, Phytomyza cf. leucanthemi

(Diptera), on rosettes of Leucanthemum decreased with the degree of continenta-

lity of the population origin; as a result, the difference in leaf mining between pro¬

venances was inversely correlated with the degree of herbivory by slugs in the

bioassays (Fig. 4.4b).
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Figure 4.4. Comparison of incidence of parasites recorded in the field experiment, and

experimentally measured provenance-specific levels of herbivory by Arion lusitanicus and

Deroceras reticulatum: (a) Infection levels of the rust fungus Puccinia behenis on Silene alba, and

(b) frequency of leaf mining by Phytomyza leucanthemi (Diptera) in Leucanthemum vulgare
(means ± SE). For abbreviations of provenances see table 4.1.
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Correlations between herbivory and climate

Significant correlations were found between provenance-specific herbivory, across

all plant species and both slugs, and climatic data from the assigned stations

(Table 4.3). The degree of correlation was similar for January minimum temperatu¬

res, water balance in spring and late summer. This result was not caused by

collinearity between the measures for frost and drought, because they were not

correlated among themselves. Not surprisingly, spring and late summer water

balance, on the other hand, were tightly correlated.

Table 4.3. Correlation matrix between provenance-specific mean herbivory by slugs on

four weed species and certain climatic variables from the respective European regions.

2

Leaf damage Jan. min. temp. Spring water bal.

January min. temperature -0.50***

Spring water balance -0.47** 0.09ns

Late summer water balance1 -0.47** 0.14ns 0.97***

mean value of August and September

square-root transformed

4.4 Discussion

Climatic constraints on provenance-specific herbivory

Plants of the more eastern provenances exhibited lower resistance against slugs,

which is consistent with the results of Daday (1954), who found decreasing fre¬

quencies of cyanogenic morphs in Trifolium repens populations from western and

Mediterranean origins to those from northern and eastern Europe. When Jones et

al. (1978) showed that some slugs and snails feed preferentially on acyanogenic

forms of a related legume (Lotus corniculatus) two alternative explanations of

Daday's geographical gradient were forwarded: (a) that HCN is released by frost

(Brighton & Home 1977) and becomes noxious for the plant itself in a cold climate,

or (b) that slugs hibernate in cold regions, and so are less a threat for the most

vulnerable seedlings in spring. Since the species of our study are not cyanogenic

but produce other potential deterrents (see below), the present results support the

second hypothesis.

It is also possible that slugs are simply less abundant in more continental

regions. It is not possible to verify this argument, since no comparable data are

available on population sizes of slugs in different parts of Europe, but various stu¬

dies about the influence of environmental factors on populations of Deroceras re¬

ticulatum (Kennard 1923; Miles et al. 1931; Carrick 1938; Moens 1989; South 1989)
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and of other slug species (Mordan 1973; Jennings & Barkham 1975) point in this

direction. Summarizing the findings of these studies, it becomes clear that intense

winter cold on the one hand, and prolonged periods of drought in spring and late

summer on the other, have adverse effects on slug populations. The same obser¬

vation has been made in the western USA, where "a drought occurs in the southern

sites from June through September, severely limiting the distribution, abundance

and activity of slugs" (Cates 1975), and different palatability of plants from dry and

more wet habitats was found in Asarum caudatum. Young et al. (1993) used soil

moisture among other meteorological conditions to predict slug activity and the

resulting damage in agriculture as a forecast for crop protection measures.

These results lead to the assumption that in mild and humid climates slugs

are particularly abundant, which may in turn impose a selection pressure on plants

to develop defense mechanisms, and should lead to a higher frequency of more

resistant genotypes. If the postulated conjunction between climate, slug population

density and defense of plants is correct, then the low herbivory on English plants

may be a consequence of intense selection pressures generated by high popula¬

tion levels of slugs, associated with mild winters in that country, whereas the low

damage levels in Swiss plants may be related to the comparatively high moisture

in spring and autumn which also fosters the abundance of slugs. In fact Zurich is

the only climate station in our comparison for which no month has a negative water

balance (Müller 1982). Frost intensity and summer dryness are both well correlated

with the palatability data, and it is not possible to designate one of these factors as

being more important than the other. Probably both factors can limit slug popula¬

tions, depending on the life cycle traits of the slugs concerned, especially time and

place of egglaying, hatching and aestivation. Of the two slug species tested, it is

known, that Deroceras reticulatum is relatively tolerant of frost (Dmitrieva 1969) and

Arion ater withstands dry conditions better than other slugs (Jennings & Barkham

1975, 1976).

Nevertheless, the correlation between climate and plant palatability to slugs

is only evident at a large European scale. In the figure of Daday (1954) showing a

map of Europe with frequencies of cyanogenic clover and the January isotherms,

there seems to be a rather sharp border between the 2°C and the 0°C January

isotherm, extending from Denmark through Germany to the Adriatic Sea. Within this

band there is a lot of variation between the populations, and factors other than cli¬

mate may also be important; the local slug population densities are probably also

a function of soil type, be it the capacity to store water, or the fact that helicoid snails

are more frequent on calcareous than on acidic soils. Another important factor

could be the presence of suitable vegetation in the agricultural landscape which

provides shelter for slugs in critical periods. South (1989) observed that available
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shelter like grass tussocks minimizes the adverse effects of cold weather on slug

numbers.

Geographic patterns and potential trade-off effects

The comparison of palatability to slugs and susceptibility to parasites showed an

inverse situation only in the case of the leaf miner on Leucanthemum. Of course,

there are many examples where a species or genotype adopted a certain strategy,

using the resources specifically for either competitive growth or in a qualitative

manner to cope with certain environmental factors, e.g. to become stress-tolerant

or resistant against herbivores. An inverse situation can only be expected when a

genotype is exposed to two dominant factors, whereas in most cases a multitude

of selective forces are working simultaneously.

The other pattern in Silene with highest intensities of the rust infestation on

the furthest provenances could be a result of lower resistance of foreign plant ma¬

terial to the Swiss fungus strains. The fungal infection may excert a stronger se¬

lection pressure on local plant populations, because this infection was mostly

lethal for the overwintering rosettes of Silene, whereas the observed infestation by

the leaf miner on Leucanthemum had no conspicuous effect on plant growth.

Limitations of the experiment

By varying the numbers of slugs per tray and the duration of the bioassay, we

achieved similar levels of herbivory, a prerequisite for reliable comparison of pro¬

venance-specific effects. We tried to minimize the influence of plant growth by

maintaining a rather high grazing intensity, instead of using constant slug numbers

and a fixed time of exposure. This was necessary because of the varying appetite

of the slugs, which seemed to depend on weather conditions, and the increasing

slug size in the season. Thus, no direct comparisons can be made of herbivory

between plant species, or between slugs. An advantage of our method was our

ability to offer intact plants to the slugs over a rather long period, whereas most

other feeding trials (see references in the Introduction) had been performed with

leaf fragments in Petri dishes.

It is important to recognise, that the provenances tested were individual

samples from the various regions, and that many of them had been cultivated to

some extent. Thus the results may reflect not only local adaptation but also se¬

lection by the producers, i.e. climate, soil conditions and agricultural management

at the production sites. However, most companies handle the plant material under

near-natural conditions, and with frequent exchange with wild populations. There¬

fore, the effects of cultivation should be minimal; some information on the conditi¬

ons of seed production is provided in Table 4.1. We tried to overcome the problem
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of unreplicated provenances within plant species by taking the different weeds as

replicates in the over-all analysis.

Which mechanisms and substances may cause differential palatability in

our four species can only be speculated from the literature (Hegnauer 1962-92)

about classes of substances which protect plants against molluscs (cf. Harborne

1993). Potential agents in Cichorium are dérivâtes of cinnamic acid (caffeic and

ferulic acid), the coumarin derivate cichoriin, and the terpenoids lactucin, lactuco-

picrin and taraxasterol in the latex; in Daucus the furanocoumarins (psoralen) and

the terpenoid daucol. For the two other species, where the phytochemistry has

been investigated much scarcer, glycoflavones could play a protective role: niviasid

in Leucanthemum, and isovitexin, a C-glycoflavone glycoside in Silene which also

contains ferulic acid (Niemann 1981).

4.5 Conclusions

This study provides a number of answers to the research questions set out in the

introduction. Firstly, palatability to slugs differs according to provenance amongst

European weeds. Furthermore this result was more or less consistent for the four

perennial weed species and the two slugs investigated. Secondly, differential her¬

bivory can be correlated with climatic traits such as winter minimum temperatures,

and moisture conditions in spring and summer, which may limit slug populations.

The idea that the abundance of slugs is lower in harsher climatic regions has yet to

be proved. Finally, in Leucanthemum we found the situation of inverse susceptibi¬

lity to slugs and to a leaf mining insect, but evidence is scant for a trade-off be¬

tween different defensive characteristics.

We suggest that the observed differences in palatability may affect

establishment of different genotypes introduced in agricultural compensation sites

in Switzerland. As slugs are very abundant at least in some of these sites (Frank

1998; Friedli & Frank 1998), this may selectively influence cover of some species

and reduce the hoped-for benefit of a planted set-aside community. Clearly, the risk

of introducing foreign seed material probably varies according to species as

shown by Keller & Kollmann 1998, 1999), and there are various other reasons to

avoid the exchange of plant material over larger distances (Akeroyd 1994; Hodder &

Bullock 1997), e.g. potential genetic introgression from planted into wild populati¬

ons (Rhymer & Simberloff 1996). From a conservation viewpoint the exchange of

genes between imported seed material and local wild populations is highly unde¬

sirable.
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5. Genetic implications by long-distance translocations of weeds

Submitted as: Keller, M., Kollmann, J. & Edwards, P.J., Genetic introgression from

distant provenances reduces fitness in local weed populations - a case study with

species for ecological compensation areas. Journal of Applied Ecology.

Abstract

1. Wild flower seed mixtures are increasingly used for ecological compensation sites

in intensively managed farmland.

2. In this paper it is hypothesised that foreign seed provenances in wild flower

mixtures may reduce fitness of local populations by genetic introgression. This

hypothesis was tested with the weed species Agrostemma githago, Papaver rhoeas

and S/7ene alba. Hybrids (F1 and F2 backcrosses) between local Swiss plants and

English, German and Hungarian provenances (plus F1 from one US source in Silene)

were studied in the field for effects on fecundity. Aboveground dry matter after one

growing season was taken as a measure for fitness under natural conditions.

Additionally, survivorship in the field assay and seed mass were determined for some

of the hybrids. The results were compared with the parents, with the F1, and with

crossings among other Swiss provenances.

3. Negative outbreeding effects on fecundity, caused by epistasis, were found in all

four F2 backcrosses of Papaver and in the F2 of Agrostemma with introgressions
from the German provenance; no such effects were found in Silene. Survival was

slightly lower in the F1 hybrids of Papaver, and significantly reduced in the F2

backcrosses. Seed mass of 5/7ene showed a heterosis effect in the F1, while it was

decreased in the F2. The same trend, though less strong, was also observed in

Agrostemma.

4. The results are discussed with respect to the use of foreign plant provenances on

agricultural compensation sites and in the context of re-enforcement of endangered
plant populations. The relevance of the fitness components measured, and long-term
effects of genetic introgressions are also addressed.
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5.1 Introduction

Agricultural compensation sites

The reduction in the proportion of non-productive in the rural landscapes of western

and central Europe has led to substantial losses in habitat diversity and to a

decline of many species which are characteristic of traditional agricultural land¬

scapes (Heydemann & Meyer 1983; Aebischer 1991; Potts 1991; Andreasen et al.

1996; Siriwardena et al. 1998). The undesirable consequences of this policy were

recognized in the 1980s, and the focus of agricultural production is shifting from a

dominating concern to maximize yields to include more qualitative, environmental

aspects. As a result the restoration of species-rich habitats like hedgerows and

field margins has been promoted (Aebischer et al. 1994; Corbet 1995; Feber et al.

1996).

In Switzerland, wildflower strips have become important habitat elements

within the agricultural landscapes and have been shown to benefit the adjacent

crops (Wyss 1995) and enhance the total agrestal biodiversity (Frei & Manhart

1992; Greiler 1993; Frank 1996). The presence of such strips increases landscape

connectivity, and the fallow periods may help to maintain soil fertility. For such eco¬

logical compensation sites special seed mixtures are necessary because the na¬

tural soil seed bank of segetal species is often depleted in intensive agroeco-

systems (Albrecht & Forster 1996). The standard mixture used in Switzerland con¬

sists of 25 ruderal, segetal and grassland species (for details see:

http//:www.admin.ch./sar/fal/forsch/schaffne/buntd.html). The total area of wildflo¬

wer strips established by sowing such mixtures has increased since the early

1990s; in 1997 they covered about 260 ha throughout the Swiss Midlands (BLW

1998). From 1999 onwards similar mixtures will be used for whole fields for 1-2

years as part of a set aside programme; this will add about 1000 ha of wildflower

habitats in Switzerland.

As in other restoration projects, questions arise about the quality of plant

material used to create such wildflower strips, and the distances over which seed

provenances should be introduced (Fenster & Dudash 1994; Hodder & Bullock

1997; Knapp & Rice 1998; van Andel 1998). Concerns about such planting and

landscaping programmes have also been discussed in the UK (Akeroyd 1994) and

in the USA (Reinartz 1995). Besides maladaptation of foreign plants, which cause

decreased germination rates, poorer establishment or survival rates, phenological

shifts and disfunction of plant-animal interactions (Keller & Kollmann 1998, 1999;

Keller et al., in press), genetic introgression of foreign genes is also a potential

threat to native populations. Even though the sown vegetation is removed after 2-6
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years, and permanent establishment of introduced plants in the field or at the field

margin has rarely been observed (Ramseier 1994), the increasing use of sown

ecological compensation sites clearly increases the risk of genetic introgression.

The threat of introducing alien genes into local populations lies not so much in

their maladapted quality, but in possible destabilization of the genetic integrity of

native populations. The focus of this study is to assess the effects of genetic intro¬

gression on fitness in three ruderal and segetal weeds which are currently used in

seed mixtures for wildflower strips.

Outbreeding depression

Outbreeding depression describes the manifestation of reduced fitness in hybrid

offspring. There appear to be two main causes for such effects, which are: (a) the

loss of local adaptation, and (b) the loss of intrinsic coadaptation (Templeton

1986). The first one, which can be called the environmental component, is caused

by inherited traits which are not well adapted to the new environment (Roff 1998).

This effect is likely to increase with increasing environmental differences between

the parental origins and can usually not be detected under controlled conditions in

a greenhouse or a growth chamber.

The other mechanism for outbreeding depression, the physiological com¬

ponent (Roff 1998), is caused by the disruption of coadapted gene complexes

which give the best results when working together. This component of outbreeding

depression, also referred to as epistasis or hybrid breakdown, is also detectable

under controlled conditions and is not evident before the F2 (Wallace 1955). In¬

deed, Lynch (1991) provided a hypothetical model which includes the various ef¬

fects of gene actions, showing that "F1 progeny of distant parents always have en¬

hanced fitness relative to progeny of contiguous parents". The cause of epistasis in

the F2 became evident with the observation of Brncic (1954), that the "breakdown is

a result of intrachromosomal recombination between chromosomes of diverse

origins". While some decades ago epistasis was considered to occur only in spe¬

cies with restricted chromosomal recombination (Templeton 1986), there is now

evidence that genetic interactions and the resulting outbreeding depression are a

common phenomenon (Whitlock et al. 1995).

Although the two components of outbreeding depression are difficult to se¬

parate in a growth experiment, the performance of the alien parent plants provides

an estimate for the degree of maladaptation. Maladaptation may also be evident in

the F1 although partly compensated for by heterosis. Further generations are con¬

tinuously purged of bad genes by selection, especially when backcrossing within

the local population. Epistasis on the other hand should increase within subse-
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quent generations, since interacting loci are separated with every mating (Wallace

1955), as also predicted from simulations (Campbell & Waser 1987).
For any particular species there is likely to be a critical spatial separation

between individuals at which outcrossing begins to reduce fitness. Between sys¬

tematically distinct units (e.g. subspecies) epistatic effects may even lead to invia-

bility or infertility in the offspring generations (Barton & Hewitt 1982; Templeton

1986; Coyne & Orr 1989), especially if the chromosomal sets of mates differ in

structure and number (Barton & Hewitt 1982; de Boer 1982). For conspecific po¬

pulations, the effect of genetic introgression may vary considerably depending on

life history traits, mating system and other traits which influence gene flow. Consi¬

derations about the relation between gene flow among populations and the degree
of their genetic differentiation has led to the suggestion that small and fragmented

populations with low dispersal of pollen and seeds, and those with a high ten¬

dency for selfing are more sensitive than widespread, well dispersed species and

prevalent outbreeders (cf. Fenster & Dudash 1994). The influence of life history

traits on genetic variation has been investigated by Hamrick et al. (1979).

Design and questions of the study

To evaluate whether outbreeding depression occurs in widespread agricultural

weeds which are planted in ecological compensation sites, hybrid progenies of

crossings with parents from other European countries were investigated in a field

experiment. It is important to test the performance of genotypes under natural con¬

ditions, since fitness is a function of genotype, environment and the genotype x en¬

vironment interaction (Griffing & Zsiros 1971; Mitchell-Olds 1986; Shaw 1986).
The crossing experiment was designed so as to simulate a single intro¬

gression by foreign pollen, since gene flow by pollen often exceeds the effect of

seed dispersal (Ellstrand 1992). The crossings were in one direction with the local

Swiss provenance as mother plants, so that the introgressions interfered with the

nuclear genome only. This asymmetrical design was chosen deliberately, as the

study had an applied objective of investigating how genetic introgression affects

native populations. The fundamental questions of genetic architecture and the me¬

chanisms for outbreeding depression were not addressed. Evidence for genetic

breakdown is assumed when the F2 shows a fitness of less than the average be¬

tween parents and the F1 (cf. Whitlock et al. 1995).

The following specific questions were addressed within this study:
Do hybrids of agricultural and ruderal weeds with distant provenances show in¬

creased performance in the F1 generation, i.e. heterosis?

Do the same hybrids show decreased fitness in the F2, i.e. outbreeding depres¬
sion?
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What are the relative magnitudes of the ecological and physiological compo¬

nents of outbreeding depression?

How much are heterosis and outbreeding depression related to the geographi¬

cal distance of the foreign population?

Is the rare inbreeding species, Agrostemma githago, more affected than the two

ruderal outbreeders Papaver rhoeas and Silene alba?

5.2 Material and methods

Plant material

Three agricultural weeds, Agrostemma githago, Papaver rhoeas and Silene alba

(= S. latifolia ssp. alba), were used for the crossing experiment. The plant names

follow Tutin et al. (1964-80); only generic names are used subsequently. Seed

was obtained from commercial suppliers in Switzerland (CH; FENACO), Germany

(D; C. Appel GmbH), England (GB; Emorsgate seeds) and Hungary (H; Szilas Plant

KFT). The Swiss seed was the same as that actually sown on ecological

compensation areas. It had been propagated for 1-2 generations from wild

collections, which originated from an area within 25 km of the city of Zurich, except

for Agrostemma which came from Brig (Canton Valais). In addition one or two wild

populations (W) were collected as controls. The wild seeds of Papaver were from

populations in Zurich (W1) and Basle (W2; F1 only); those of Silene came from

Buchs, 10 km west of Zurich. For S/7ene a wild collected sib from New Jersey, USA

was used for producing an F1 only.

Crossing experiments

All plants were grown and crossed in a greenhouse. We crossed foreign pro¬

venances with Swiss plants and made control crossings among the Swiss pro¬

venances. All flowers were bagged with nylon mesh and hand-pollinated when the

stigma was mature. In Agrostemma selfing within the flower was prevented by

excising the anthers during the bud stage; this problem did not arise in either the

strictly dioecious Silene or the wholly self-incompatible Papaver (M. Keller, unpubl.

data).

For the production of hybrids five plants of Agrostemma, six of Papaver, and

eight S/7ene females were hand-pollinated with a set of males from different ori¬

gins (Fig. 5.1). Only one-way crosses were performed, always using the Swiss pro¬

venances as females; these were mated with the other sibs and with plants of the

same stock as a control. Similarly, some F2 seed was gained by pollinating the

same dams with pollen from previous crossings. A diverse set of origins for the F2
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was available for Papaver, whereas in Silene only Swiss x Hungarian F2 hybrids

and in Agrostemma only Swiss x German hybrids (Hesse, central Germany) were

produced.

Swiss (CH) Swiss (CH)
Swiss wild (W1,2)
alien origins (D, GB, H, NJ)

Figure 5.1. Crossing design to produce hybrid lines (F1 and F2 backcrosses). Abbreviations of

the provenances: CH, Switzerland; D, Germany; GB, England; H, Hungary; NJ, New Jersey, USA;

W, Swiss wild populations, Zurich (W1) and Basle (W2).

Plant fecundity

Starting from 20 April 1998, the seeds were sown in plastic trays with individual

wells (5 cm diameter) for each plant in a greenhouse, and after four weeks the in¬

dividuals were transplanted into the field. The plants were arranged in randomized

blocks, the offspring of each dam being together in one plot, which was divided into

two half plots to give two replicates of each full-sib seed lot. The spacing between

plants was 30 cm, which turned out to be rather dense for Papaver and Silene, so

that the within plots had to be included in the analysis as a covariate. A thorough

weeding was done about every fortnight. The plants were not protected against

herbivores but no grazing damage by herbivores was observed. A hailstorm

caused some leaf damage soon after planting, mainly in the Silene rosettes, but

the incident apparently had no consequences for further growth. The plants were

harvested after maturity and dried. In the case of Silene and Papaver the remaining

seeds were shaken off before weighing; in the case of Agrostemma the seeds re¬

mained enclosed in the capsules on the plants (cf. Firbank 1988).

A slightly different experimental design was used for Agrostemma, where the

set of hybrids did not allow a balanced block design. In this species, two 8x7

blocks with completely randomized positions were installed in early May 1998 by

directly using four seeds in each position; an additional row of dummy plants was

planted on each side to avoid edge effects. After a two-week period for germination
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the excess seedlings were removed. All weeds were cleared from the experimental

plots with glyphosate, the seedlings of Agrostemma being protected from the her¬

bicide treatment.

Seed mass

Seed weight was determined for Agrostemma and Silene. Agrostemma seeds

were weighted individually; because in Silene the seeds are much smaller they

were weighted in groups of 50. Of each seed lot from the Silene crossings 50

seeds were weighed, and seed viability was tested in growth cabinets under

standardized conditions intended to produce maximal germination rates. Optimal

conditions for germination of Silene were a 15 h light period with 25°C and a 9 h

dark period with 5°C; 0.1% gibberellic acid was added to the tap water (cf. Keller &

Kollmann 1999).

Data analysis

After square root transformation the biomass data were normally distributed

(Shapiro-Wilk W-test). Above-ground biomass was used as the target variable with¬

in the ANOVA; missing or dead plants were excluded. In the case of Papaver,

where such mortality was relatively high (17.2%), specific rates were compared

(see below). The total numbers of plants, mean biomass, and survivorship in the

field experiment are given in Table 5.1.

Table 5.1. Performance of the study species after one growing season in a common garden
experiment (means ± SE).

N Dry mass (g) Mortality (%) Epistasis (%)

Agrostemma githago 112 58.7 ± 4.2 2.7 15

Papaver rhoeas 232 32.6 + 1.2 17.2 -5 to -11

Silene alba 248 30.2 11.1 4.4 0

The ANOVA was calculated on fixed effects, including mother (corresponding

with plot), introgression, father [nested in introgression], sex (Silene only), freedom

and delay of germination. The latter two covariates compensated well for positions

in the plot (with different competition) and for delayed seedling growth after re¬

tarded germination in few plants; the variable sex contained the levels female (52%
of individuals), male (41%), and the plants that remained vegetative (7%). Apart

from father\introgression] in Papaver, all these covariates contributed significantly
to the model fit. There were no interactions.
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Tests for statistical significance of heterotic and epistatic effects were per¬

formed by using contrasts at the genotype level within the ANOVA. While for hetero¬

sis the mean of both parents was compared with the F1 offspring value (contrasts

{0.5 P1 + 0.5 P2 = F1}), epistasis was investigated by relating the means of the pa¬

rental and the F1 values to that of the F2 (contrasts {0.25 P1 + 0.25 P2 + 0.5 F1 =

F2}; cf. Whitlock et al. 1995). Since the F2 had been produced by backcrossing in¬

stead of breeding within the F1, their genome statistically consisted of 3/4 native

and 1/4 alien parts. Therefore the contrasts were set to {0.375 P1 + 0.125 P2 + 0.5

F1 = F2}, which included an expectation of 50% heterosis as measured in the F1.

The same weightings were used to calculate the deviation from the expected va¬

lues as shown in Figs 5.2-4. These weightings compensated for the ecological

component of outbreeding, so that the deviation in the F2 can be regarded as the

outbreeding depression resulting only from epistasis, i.e. its physiological compo¬

nent. The mostly positive deviations within the F1 are assigned to heterosis.

Fecundity in Papaver
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Figure 5.2. Heterotic and epistatic effects on aboveground biomass ("fecundity") of Papaver
rhoeas lines. Results for Swiss and foreign parental plants, F1 and F2 backcrosses after one

growing season; the degree of shading of the bars reflects the proportion of foreign genes. The

black bars at the bottom line are deviations from the expected values and demonstrate heterosis

or epistasis. The dotted line marks the control level from crossings within the Swiss standard

provenance. The control group on the right are the original local provenances (seed stock) and

within hybrids. Abbreviations of provenances as in Fig. 5.1.

Survivorship rates in Papaver were compared with a GLM (generalized linear

model) on the effects introgression, mother and father [introgression]. Because it

was not possible to calculate IRLS (iteratively reweighted least-squares), common
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least-squares means had to be used for Fig. 5.5. The ANOVA model on seed

mass and viability included the effects generation, mother and father [generation].

The GLM was calculated with the programme S plus, and all other analyses were

performed with JMP®.

5.3 Results

Biomass yield: heterosis and epistasis

Aboveground biomass of almost all F1 plants markedly exceeded the mean pa¬

rental values (Figs 5.2-4). This result indicates that a positive heterosis effect was

common among the first generation of hybrids. The highest heterosis resulted

from hybridization with a different subspecies, i.e. Silene latifolia s.str. from Bavaria,

Germany. In contrast, only faint positive heterosis (1-3%) occurred in the two

crossings among Swiss Papaver populations. The Swiss x US (New Jersey) F1

hybrid of Silene exhibited negative heterosis which was probably caused by the

very large genetic distance of the two parent populations.

Fecundity in Silene

Local x German Local x English Local x Hunqarian Local x US Controls

Figure 5.3. Heterotic and epistatic effects on fecundity of Silene alba lines. For details

see caption to Fig. 5.1 (D*, hybrid between the two Silene subspecies, S. latifolia s. str.

and S. latifolia ssp. alba; other abbreviations of provenances as in Fig. 5.1).

64



The F2 backcrosses deviated in most cases negatively
from the expected values (Figs 5.2-4), with exception of

the Swiss x Hungarian F2 of Silene. Although all other

values showed the same negative trend, statistical

significance (P < 0.05) was only reached for the Swiss x

Hungarian Papaver backcrosses, and when all alien F2

were pooled in the analysis (P < 0.05). The control F2

backcrosses between two different Swiss sources of

Papaver virtually revealed no losses in fecundity.

The environmental component of outbreeding

depression can be estimated directly from differences in

growth performance of Swiss and alien parental plants

(Figs 5.2-4). All alien parents of Papaver and Silene,

including the distant (70 km) Swiss Papaver, produced

markedly less biomass than the two local provenances.

However, the Agrostemma from central Germany

performed as well as the Swiss standard source.

Fecundity in

Agrostemma

Figure 5.4. Fecundity of

Agrostemma githago pa¬
rents and the hybrid line

from crossings with a po¬

pulation from Hesse, cen¬

tral Germany. The black

bars at the bottom line are

deviations from the

expected values. Abbre¬

viations of provenances as

in Fig. 5.1.
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Survivorship

The mortality during the experiment of Papaver was slightly higher in both the F1

(10.5%) and the F2 (11.5%) than in the control (within-local crossings, 4.2%) and

the local parent (0%). Survival values with regard to the covariables mother (block)

and father are shown in Fig. 5.5. The degree of competition and delayed

germination had no effect on survival. The GLM analysis had low statistical power

and revealed significant differences only for pooled controls and F2 plants (P <

0.05), but the downward trend of the hybrids with distant introgressions is obvious.

The odds-ratio of 2.03 indicated that the probability for an unviable individual to

belong to the F2 was twice as high, while it was even for control to F1 with an odds-

ratio of 0.97.

Seed mass

The data for seed mass of outcrossed Agrostemma and Silene hybrids revealed

similar trends as for fecundity, with a positive deviation in the F1 and a negative

effect in the F2 backcrosses (Figs 5.6-7). The effects were more pronounced in Si¬

lene, while only a slight tendency was observed in Agrostemma. It is interesting

that germination tests under optimal conditions revealed no differences in seed

viability of any of the crossings in Silene (>99% in both parents and offspring; M.

Keller, unpubl. data).

Agrostemma seeds Silene seeds

18 n

Figures 5.6 and 5.7. Seed mass of parents and hybrids from long-distance crosses of

Agrostemma githago and Silene alba under experimental conditions. The dark bars at the

bottoms give deviations from expected values. The least-squares means compensate for

maternal, paternal and plot variability (*P < 0.05; **P < 0.01; abbreviations of provenances see

Fig. 5.1).

66



5.4 Discussion

Outbreeding depression

Although statistical significance was not always achieved, our data reveal a clear

tendency to outbreeding depression due to epistasis in Papaver, expressed both

by reduced fecundity and viability (survival) of the F2 backcrosses. The even strong¬

er negative effect in the hybrid progeny of Agrostemma supports the hypothesis that

inbreeding species are more sensitive to introgression from distant populations.

The lack of epistatic effect in the Swiss x Hungarian F2 of Silene is unexpected; for

any herbaceous species we would expect some decrease in the fitness of F2

plants when the parental populations are separated by a distance of about 1000

km. On the other hand, the high potential for gene flow in Silene (pollen transport

over 640 m; McCauley, Raveill & Antonovics 1995) and its colonizing ability make

this a species which is probably less subject to outbreeding depression than many

others.

The seed mass from plants with alien introgressions was affected in the F2

backcrosses of both Silene and Agrostemma. The differences are surprisingly

high, as paternal effects on seed size are normally dwarfed by the more important

maternal and environmental influences (Antonovics & Schmitt 1986). However, ab¬

solute seed mass of different ecotypes or provenances can hardly be regarded as

a measure of fitness. Only within a given population may smaller seeds signify re¬

duced fitness and then only if they lead to lower seedling performance. In fact, no

effect of diaspore weight on germination success and survivorship was detected in

Anthoxanthum odoratum (Schmitt & Antonovics 1986), though in other species

such effects have been demonstrated (Harper 1977).

The uniformly high seed viability of S/7ene in the germination tests highlights

the important difference between testing under optimal and under natural conditi¬

ons. While our assay in light chambers produced practically complete germination,

the performance under natural conditions might have differed amongst the various

provenances because of specific adaptations to their home conditions.

Ecological vs physiological outbreeding depression

Local Swiss provenances were always more productive than introduced plants, i.e.

all alien parents of Papaver and Silene, including the distant Swiss Papaver, but

with exception of the Agrostemma from central Germany (Fig. 5.4). This advantage

of the local populations corresponds to results on plant establishment from a pre¬

vious field experiment at two arable sites, where in six of eight species local plants

outperformed those from other countries (Keller & Kollmann 1998). The lack of en¬

vironmental maladaptation in Agrostemma might reflect the special character of
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crop mimics (Thompson 1973), where close adaptation to the agricultural mana¬

gement is probably more important than to environmental conditions.

The decline in fitness due to poor environmental adaptation after introgres¬

sion exceeded the effect of intrinsic coadaptation in the F2 (cf. values of alien pa¬

rents in Figs 5.2-3). Nevertheless, the first component of outbreeding depression

will recover with each subsequent crossing within the local population, because of

thinning of the alien genes and selection against unfavourable genes. In contrast,

the impact of the second component will probably increase in the following gene¬

rations. This expectation is based on the fact of progressive disintegration of gene

complexes with increasing recombination (cf. Wallace 1955; Lynch 1991). These

contrasting trends lead to the tentative suggestion that, in considering the fate of

natural populations the epistatic component is more important than the loss of op¬

timal adaptation, because the re-establishment of parental or new, comparably

successful recombinants will take more time.

Given the trend that the losses in fitness by disturbed gene interaction in¬

creases in subsequent hybrid generations, negative consequences for populati¬

ons after such introgressions could be serious, especially within small natural po¬

pulations and in case of repeated introgression from introduced wildflowers.

Among the European segetal weeds there are many highly endangered species

with critically small and highly fragmented populations, e.g. Adonis aestivalis, Bu-

pleurum longifolium and Delphinium consolida (Korneck er al. 1996). For small

relict populations of these species the effects of genetic introgression from

introduced wildflower mixtures could be severe. However, it is difficult to predict

whether, in the long term, local populations will experience substantial genetic

disturbance or whether they can recover after a few generations. According to

Templeton (1986), this depends on the degree of integration of the genome: "If

coadaptation involved nearly all the genes of an organism, there would be virtualy

no chance of reestablishing a parental genotype, and the time needed to select a fit

recombinant would be very long". If, on the other hand, the number of loci

responsible for the relevant fitness interactions is small, outbreeding depression
is considered to be only a temporary phenomenon (Templeton 1986). Data from

population studies so far indicate that there is much variation, so that general con¬

clusions on the intensity and importance of intrinsic coadaptation cannot be made

(Roff 1998).

Since the negative effects of mixing rapidly increase with increasing distance

between populations, it seems reasonable to suppose that the transport of seed

material over hundreds of kilometers and the associated genetic exchange could

destabilize local conspecific populations. According to Ellstrand & Elam (1993)

gene flow rates of 1-5% are sufficient to antagonize selection for local adaptation.
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In contrast to earlier expectations, high gene flow rates in weeds (Raphanus ra-

phanistrum) have been observed over thousands of meters from large sources (as

are wildflower strips) into small stands (Ellstrand et al. 1989).

Effects on genetic diversity

Besides genetic integrity, the large-scale use of seed from few sources presents a

potential threat to biodiversity on the microevolutionary scale. For programmes of

restocking or agricultural landscaping large amounts of plant material are produ¬

ced from one or a few stands and used over large areas. This rather uniform gene¬

tic material can reduce the genetic diversity and interfere with the genetic structure

of locally differentiated populations. While this may affect many species, those with

small fragmented populations probably face the most extreme form of this

process, i.e. genetic assimilation. Therefore, small populations face not only pro¬

blems of inbreeding and genetic drift (Gilpin & Soulé 1986; Fischer & Matthies

1998) but are vulnerable to genetic assimilation under massive introduction of

alien provenances, i.e. the original genes are swamped out by hybridization with a

larger introgression source (Ratcliffe 1973). Although the term of "genetic assimi¬

lation" has been used for discrete taxonomic units, such as subspecies or eco-

types, the same process may work within small, locally adapted populations. This

would result in a loss of "endemic" alleles and the dominance of the introduced

genotypes over a large area of the agricultural landscape. This topic has been in¬

tensively discussed in Daily & Ehrlich (1995).

Supporting declining populations by planting rare species?

The endangered state of many plant species has been caused by population loss¬

es, most commonly brought about by human activities. For this reason some con¬

servationists have seen the need to support weak populations by translocating

seed or transplants. However, whether it is possible to overcome the "extinction

vortex" (Gilpin & Soulé 1986) by introducing foreign plant material, remains a matter

of debate (Hodder & Bullock 1997). Fenster & Dudash (1994) even deny a "natural

basis" for preserving the genetic integrity of a species, and suggest that the break¬

up of gene complexes by mixing distant sources may be a chance for enhanced

environmental adaptation. Indeed, "gene flow management" has been suggested

as a measure to invigorate endangered populations which are threatened by ge¬

netic erosion and inbreeding depression (Ellstrand 1992; Ellstrand & Elam 1993;

Pegtel 1998). We agree with these authors on the need for a profound preexami-

nation of the particular circumstance of a species before undertaking such mea¬

sures.
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Part of the problem is that although offspring fitness has often been obser¬

ved to increase after interpopulational crosses, most studies on outbreeding ef¬

fects have examined only the F1 generation (Fenster 1991; Bijlsma et al. 1994;

Waser & Price 1994; Oostermeijer et al. 1995). Using such results to extrapolate

on the future of the populations in question is clearly misleading. Many

experiments, including ours, show that the F1 often performs as well as the local

parent or better, but the benefit by heterosis has to be "paid for by a segregational

genetic load" (Mac Key 1976), meaning that later generations may suffer from

reduced populational stability. That genetic variation should be as high as possible

(van Andel 1998) has been suggested as a principle for species reintroductions,

but it should not automatically be applied within declining populations, as also

emphasized by Fischer & Matthies (1997). However, Fenster & Galloway

(submitted) conclude from their extensive study that "restoring populations using

genotypes from distant sites will have no deleterious consequences if local

adaptation is limited".

Guidelines for seed source distances?

Geographic distances, which are relevant in this context, do not necessarily cor¬

respond with genetic distances, though on the large geographic scale there is of¬

ten a good correlation (Fenster & Dudash 1994; Knapp & Rice 1998). Defining

source areas of plant material for introducion is difficult, since local adaptation may

occur even at a scale of a few hectares (Argyres & Schmitt 1991; Waser & Price

1994), and there is also evidence for local adaptation within continuous populati¬

ons (Waser 1993). Fischer & Matthies (1997) found significant outbreeding de¬

pression in small and isolated populations of Gentianella germanica at a distance

of 25 km. However, more abundant plants with stable populations are probably

less sensitive, and an experimentally measured small outbreeding depression is

not necessarily significant for a population in a natural setting. It is unrealistic to

prescribe a maximal distance for plant introduction because for most species it is

unknown where the outbreeding effect begins to become severe. Certainly, there is

no general translocation distance that can be regarded as safe for most plant spe¬

cies.

Although negative outbreeding effects have been observed at distances of

only few kilometers, such short-distance transport probably poses little threat to

common ruderals and segetals. Introgression over some 100 km, on the other

hand, can cause fitness losses similar in degree to those observed when Swiss

plants were crossed with English and Hungarian provenances in the present study

(Fig. 5.8).
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Figure 5.8. Heterosis (positive deviations from expected values in F1) and epistasis (negative
deviations in F2) plotted against grossly estimated geographical distance on a log scale. The

values are from all three species and both fecundity (filled symbols) and seed mass (empty
symbols) measurements (1 hybrid between the two Silene subspecies, S. latifolia s. str. and S.

latifolia ssp. alba).

Switzerland, for example, is structured in distinct phytogeographic regions,

reflecting climatic and edaphic differences (Landolt 1994). For species which are

neither rare nor differentiated into subspecies or ecotypes, it seems sensible to

decide on the basis of such phytogeographical regions what is an acceptable

"distance" from which plants can be introduced. For example in our case, the

Swiss Midlands form a moderately uniform phytogeographical unit of about 300 x

50 km2. A more detailed recommendation on seed mixtures for ecological com¬

pensation sites is given in Schaffner et al. (in press).
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6. Conclusions

6.1 Local adaptation

The extensive field experiment from 1995-1997 served as a sort of screening; it

provided a useful opportunity to observe the morphology and growth of plants of the

different origins. The first observation was that the plant material I had received

from botanical gardens and private persons can be poor, and that these plants

exhibited poor growth under field conditions. Three seed lots even belonged to

species other than those ordered and labelled. During the countless days I worked

in the experimental fields, sowing, weeding, spraying herbicides, collecting data

and harvesting the annuals, I made various interesting observations and

developed ideas for further investigations.

The results of the study show, that because of local adaptation foreign plants

can show reduced establishment success and phenological differences in

flowering and sprouting, compared to the local samples (chapter 2). The poor

establishment resulted at least partly from different germination behaviour, which

was more prominent under natural conditions than in a sterile controlled

environment (chapter 3). Synecological adaptation, e.g. coadaptation with

mutualistic microorganisms, or resistence to herbivores and pathogens, could

also have played a certain role in reducing establishment. However, potential

interactions are manifold and complex, and often cryptic as in the case of

mycorrhizal interactions. For the example of herbivory it was shown in chapter 4 that

there can be relevant synecological differences among populations from distant

origins (chapter 4). Parallel to environmental adaptation, the genome of a particular

organism develops adaptation to the inner, genetic environment, called intrinsic

coadaptation (chapter 5). This evolutionary important fact is no longer disputed by

plant scientists, but the degree of genetic integration in species and their popula¬

tions is unknown and still under debate (Templeton 1986, Whitlock et al. 1995).

However, it is clear that it is the proportion of genes involved in coadapted gene

complexes that makes an introgressive event either insignificant or harmful by

causing substantial genetic destabilization in a local stand.
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To reveal the significance of such an impact in natural settings, and in the

long term, further experiments about the fate of natural populations under genetic

"contamination" are suggested; there are, however, severe methodological pro¬

blems which may be very difficult to overcome. Another interesting subject of future

research would be the influence of mycorrhizal biodiversity in the agroecosystem;

there is evidence that the fungal species diversity, which has been shown to

influence the vegetation (van der Heijden era/. 1998), suffers from certain types of

agricultural management and has declined (Helgason et al. 1998).

6.2 Levels of geographic variation

From observations on over all variability the species can be assigned to categories

with increasing between-source variation. Almost no variation in the observed and

measured traits was found in Centaurea cyanus; all provenances were mor¬

phologically indistinguishable and showed no phenological differences (Fig. 2.2)

nor differences in seed production and plant height. Furthermore, the most

aggregated cluster in a multivariate analysis based on germination behaviour data

was found in this species (Fig. 3.5); there were also no differences in palatability

between plants of Swiss, German, English and Hungarian origin (unpubl. data).

Similarly low was variability in Papaver rhoeas, but fewer traits were measured.

The third annual arable weed, Agrostemma githago, exhibited clearly more

variation, which probably resulted from inbreeding and the differentiation of local

races (Firbank 1988). Even more variation was found in the biennial and perennial

grassland species (Daucus carota, Hypericum perforatum, Leucanthemum

vulgare, Pastinaca sativa), though this may partly have been caused by the

presence of variation on a higher taxonomic level (ie. different ecotypes and races,

cf. Hess et al. 1976-80, Sebald et al. 1993-96). While all provenances of

Leucanthemum were of the tetraploid ssp. vulgare, the other three belong to

species complexes, which are often not easily separated and can contain

intermediate forms (Hess et al. 1976-80). The most variable of the species tested

was the ruderal Silene alba. This may be related to its colonizing character, but

also to its genetic "permeability"; there was evidence of former genetic
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introgressions from S. dioica in the English population and from S. latifolia s.str. in

Hungarian plants. The other ruderal, Cichorium intybus, was rather uniform except

for the English sample which may have been a cultivar, though insufficienth data

were collected to assess variation in this species.

6.3 Guidelines for the provenance of seed for use in ecological compensation

areas in Switzerland

The former recommendation

When the increasing use of wildflower seed was recognized as potentially hazar¬

dous for the local flora, the SKEW (Schweizerische Kommission für die Erhaltung

von Wildpflanzen) edited guidelines about the origin of seed used for the

establishment of species-rich meadows as ecological compensation sites,

Buntbrachen and ski run-restorations (SKEW 1995). These recommendations,

formulated by E. Landolt, were relatively liberal but were a necessary step and

served to prevent gross abuses, e.g. the use of seed from New Zealand (Achillea

millefolium). In the case of Buntbrachen, the Jurassic, Midlands and northern pre-

Alpine area (Grossregion 1) were regarded as defining a region within which

seeed transfer was acceptable.

The specific source area recommendations in the SKEW guidelines were

partly based on the presence of geographically distributed subspecies (chiefly in

meadow species). In practise, examples of such subspecies that show vicariation

occurr in a distribution either north and south of the Alps or between western and

eastern Alpine areas (pers. comm E. Landolt); there are no known examples of

vicariants within the Midlands. However, other objections to the use of taxonomic

differences as a basis for seed source classification are that these are usually

based on morphological differentiation or some species have simply been studied

more intensively than others. Non-morphological differences between populations,

e.g. of biochemical or ecological nature, can be of similar or even higher

significance in the context of translocations, but are not usually a basis for defining

subspecies.
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Regarding micro-taxonomic units, it would be sensible to use an appropriate

ecotype as the source material. For many species races have been described from

more nutrient-rich arable or ruderal habitats and others from infertile grassland, ie.

Centaurea jacea ssp. angustifolia, Hypericum perforatum ssp. veronense,

Leucanthemum vulgare ssp. praecox, Onobrychis viciifolia ssp. arenaria,

Pastinaca sativa ssp. silvestris, and a grassland ecotype of Daucus without specific

name (Pers. comm. J. Burri). Wherever such ecotypes are known, the production of

seed for Buntbrache mixtures should be based on collections from the more fertile,

agrestal or ruderal units (Achillea millefolium ssp. millefolium, Centaurea jacea

ssp. jacea., Leucanthemum vulgare ssp. vulgare (= L. ircutianum, cf. Sebald et al.

1993-96), Pastinaca sativa ssp sativa, Hypericum perforatum ssp. perforatum),

and should not include the often smaller grassland ecotypes. For meadow

mixtures (cf. Bosshard 1998), the Swiss seed companies are now offering three

different mixtures for medium-dry, moist and mountainous sites, but it is not clear if

these mixtures contain suitable ecotypes, or are simply composed of different

species.

The difficulty ofgeneral guidelines

The following risk assessment classification, which is intended for the agricultural

use of wildflower seed in Buntbrachen, must be regarded only as rules-of-thumb

only; it has to be seen under the pragmatic view of today's widespread use of

wildflower seed for flower-rich meadows and Buntbrachen and is strictly directed

on this agricultural kind of use. From a more scientific point of view, it may seem

inadequate or negligent to prescribe general guidelines on seed source for a set of

25 or 38 species respectively (13 can be added optionally to the Buntbrache mix¬

ture). For other purposes, species restoration or re-enforcement of threatened

populations of rare and endangered plant species, the genetic situation of the

material to be introduced must be thoroughly investigated (Ellstrand 1992, Pegtel

1998, Van Andel 1998). Therefore, the following risk assessment was was

prepared with some reluctance. Factors influencing an acceptable translocation

distance include: the amount of genetic differentiation, which may largely depend

on mating system, life history traits and habitat type. Other important criteria are

abundance and the status of the plant in terms of the naturalness of its
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populations. The latter represents a continuum from natural species with native

populations to pure cultivar species, e.g. Fagopyrum esculentum and Linum

usitatissimum (one-year Rotationsbrache mixture only (under development)) which

are excluded from this discussion on required seed origin (cf Table 6.2).

Risk classification

Another consideration leads to the definition of a first group in this classification.

For species at the threshold of extinction it seems futile to demand the use of local

provenances, especially when the referred species can no longer grow anywhere

except in Buntbrachen. To this category belong Agrostemma githago and Camelina

sativa, and probably also Vaccaria pyramidata; these so-called crop mimics

(Firbank 1988) are so strongly adapted to crop production, especially the need to

be harvested and sown together with the grain, that Buntbrachen are their only

chance to survive. For these crop mimics the term native population is anyway

questionable in these crop mimics. For certain other severely endangered or

virtually extinct segetals, e.g. Orlaya grandiflora, it is questionable whether

Buntbrachen are 'a boon than a bane' - no matter where the seed come from. It

now seems possible that a set of arable weeds, which have virtually disappeared,

can be restored at least to some extent, because agriculture is growing less

intensive and untreated field margins (Ackerschonstreifen) are a new element of

ecological compensation from 1999 onwards. However this would require relict

populations of these species, probably present only in the seed bank (e.g.

Legousia speculum-veneris, pers. comm. F. Häni). The need to prescribe a new

mixture of segetals for Ackerschonstreifen, and the corresponding requirements for

seed origins, are currently under discussion in the AG Buntbrache.

A second category for which less strict demands are necessary in terms of

seed origin are those common, widespread species whose distribution has been

extended by man (in recent times). In this group I include the species Achillea

millefolium s.str., Leucanthemum vulgare s.str., Malva moschata, Medicago sativa

ssp. sativa, Onobrychis viciifolia s.str. and to a lesser degree Daucus carota ssp.

carota, Papaver rhoeas and Pastinaca sativa ssp. sativa. Besides potentially low

genetic vulnerability, it can be argued that for these species there is no natural

basis for conserving true local populations. Huge amounts of seeds of these
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Table 6.1. Species mixtures for Buntbrachen and Rotationsbrachen, and

proposed risk classification regarding seed origin

Species B

Achillea millefolium

Agrostemma githago

Anthémis tinctoria

Centaurea cyanus

Centaurea jacea

Cichorium intybus

Daucus carota

Dipsacus fullonum

Echium vulgare

Fagopyrum esculentum

Hypericum perforatum

Legousia speculum-veneris

Leucanthemum vulgare

Malva moschata

Malva sylvestris

Medicago sativa

Melilotus albus

Onobrychis viciifolia

Origanum vulgare

Papaver rhoeas

Pastinaca sativa

Silene alba

Tanacetum vulgare

Verbascum densiflorum / thapsus

Verbascum lychnitis

Optional species

Anchusa arvensis

Buglossoides arvense

Camelina sativa

Consolida regalis

Misopates orontium

Nigella arvensis

Papaver dubium

Reseda lutea

Silene noctiflora

Stachys annua

Tragopogon orientalis

Vaccaria hispanica

Valerianella rimosa

orache Rotationsbr. Risk state

X X 3

X X 4

X X 2

X X 2-3

X X 3

X X 2

X X 3

X 2

X X 2

X X -

X 3

X X 1

X X 3

X 3

X 2

X 4

X X 3

X 4

X 2

X X 2-3

X 2-3

X X 2

X 2-3?

X X 2

X X 2

X 1

X 1

X X 4

X 1

X 1

X 1

X X 2

X X 2

X X 1

X 1

X 2

X X 4?

X 1

1
lower numbers mean more restricted seed transfer proposed. Details are given in
Table 6.2 and in the text.



species have been sown throughout the Swiss Midlands, not only in wildflower

strips, meadows and on roadsides, but also in earlier decades as fodder plants,

for amenity and for medical use. It is therefore often impossible to decide whether

specific populations are autochthonous or have been introduced. It seems

reasonable to admit the whole Swiss Midlands, including adjacent regions (lower

Jurassic sites, Elsass, Hegau) as the potential source area for seed mixtures

containing these species, which are sown in the Swiss Midlands. However, for the

major proportion of Buntbrache species transfer either within the phytogeographic

regions only (Landolt 1991), or within a range of 100 km, would be preferable.

Table 6.2. Proposal for a risk classification of species used in Buntbrachen and Rotationsbrachen

regarding seed translocation (for full species names see Table 6.1).

Characteristics Risk state Source area Species

Cultivated species no not applicable Fagopyrum, Linum

Naturalized cultivars minimal Midlands and

adjacent areas

Medicago, Onobrychis,
(Pastinaca?)

Frequently introduced

species.

small Midlands Achillea, Daucus, Hypericum,
Leucanthemum Malva moschata,
Melilotus, Papaver rhoeas,

Species with native po¬

pulations in the locality

medium Midlands, <100 km all other species.

Rare natural species high only locally Anchusa, Buglossoides, Conso¬

lida, Legousia, Misopates,
Nigella, Silene noctiflora,
Stachys, Valerianella

Extinct crop mimics beyond risk ? Agrostemma, Camelina,

(Vaccaria?)

The classification is based on various considerations (see text) and is subject to further

discussion.

Rare species with discontinuous, often small populations are considered

the most vulnerable (Gilpin & Soulé 1986) The conditions proposed for support or

restoration of rare species are very strict and require careful procedures, which are

incompatible with large-scale introductions. Thus it is to be welcomed that, contrary

to some earlier concepts of wildflower strips (e.g. Wanderbrache, Ramseier 1994),

most of the rare and endangered segetal species are no longer used in the
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standard Buntbrache mixture. A more critical issue is the set of species that can be

added optionally (see Table 6.1). This consists largely of rare segetals, whose

translocation should be abandoned or be allowed only on a regional scale.

Although segetal species have traditionally been transported with crop seed, and

for this reason have often not developed distinct subspecies, this does not mean

that there is no differentiation between populations. The amount of gene flow by

accidental translocation may be far below the level of local evolution, and there is

no justification for the widespread idea that these species can be introduced with

less care towards seed origin.

6.4 The actual situation in seed use in Switzerland

It is a matter for satisfaction that the current situation regarding seed use is close

to optimal. First, there is no known example where seed from foreign countries has

been imported for ecological compensation sites during the last five years. And

secondly, the origins of the used plants are known, in contrast to the situation e.g.

in Britain, where there is usually no information on the source of sold seed

available (Everett & Akeroyd 1998, Congress Planta Europa, June 1998, Uppsala).

The three large Swiss seed companies have used seed of strictly Swiss origin

since 1995 though in this matter we have to trust their assurances, and abuse

would not easily be detectable. The best situation probably occurrs with some

smaller seed producers, who collect and use seed regionally.

Unfortunately, the the boom of wildflower use in Buntbrachen, Rotationsbrachen

and Ackerschonstreifen, following the 1999 revision of the OeBV, has led to

pressure to relax standards, for example, seed from the Midlands was used in the

Tessin, although specific seed production for southern Switzerland has been

started recently. Seed transport across the Alps is undesirable and should be

strictly avoided in the future. To prevent such lapses of standards in the wildflower

seed business, the official agricultural authorities are asked to establish control

procedures for the enforcement of proper seed handling.
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Seed production requirements beyondprovenance

Of equal importance as the proper origin of the genotypes used for seed pro¬

duction are:

replacing the stock regularly with wild collections;

growing the plants under conditions as close to natural as possible, and

maintaining natural selection forces;

avoiding genetic introgressions from related interfertile species or subspecies.

Otherwise the quasi-natural populations for Buntbrachen may develop into

cultivated races, losing properties like resistance against herbivores or pathogens,

or natural germination behaviour.

Quality control

In contrast to wild flowers used for flower-rich meadows, the plant material sold for

Buntbrachen has not yet been subject to survey, although such controlling has

been suggested for several years. However, the mode of testing and the

responsible authority have yet to be decided. Negotiations are in process between

the Arbeitsgruppe Buntbrache and the major seed suppliers, with the task of de¬

fining standards for seed production and devising ways to guarantee a high seed

quality. A useful measure would be to make it the duty of seed companies to

maintain and make available records of seed source and details of production.
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