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GeneralGeneral introduction 

GENETIC SS IN FRAGMENTE D POPULATION S 
Thee decline of many formerly common plant species is a major concern in nature 
conservation.. Human demands and activities are responsible for the fragmentation and 
deteriorationn of the natural habitats of our wild plant populations (Lande 1998). Numerous 
speciess are presently forced to live in small and isolated natural fragments either with or 
withoutt formal protection. These new rare species are especially vulnerable to extinction, 
becausee their natural habitat and population size declined in a faster rate than their 
evolutionaryy potential can get adapted to. In this respect, they differ from species that are 
naturallyy rare, such as many endemics, which are often well adapted to small population size 
andd low levels of genetic variation (Huenneke 1991). 

Fragmentationn of a population is often followed by a reduction of genetic variation, 
becausee the remaining sample of individuals only partly represents the original population. 
Whenn populations remain small, these sampling errors cumulate. This random change in 
allelee frequencies that occurs between successive generations is defined as genetic drift. In 
largee populations these changes are only minor but in small populations they may be 
substantial,, resulting in loss of non-selective alleles. Therefore, small populations generally 
maintainn less genetic variation than large ones (Young et al. 1996). The reduction of 
heterozygosityy associated with population bottlenecks is often small, because population 
growthh restores heterozygosity, but not allelic diversity (Nei et al. 1975). Once alleles are lost, 
theyy can only return by mutation or migration. However, pollen and seed dispersal is 
increasinglyy hampered in the actual human-influenced landscape, because pollinator 
movementss have become restricted (Westerbergh & Saura 1994, Kwak et al. 1998) and the 
diversityy of dispersal processes of plants that was associated with traditional farming, has 
diminishedd (Fischer et al. 1996, Poschlod & Bonn 1998). Consequently, small populations 
facee the risk of local extinction, because low levels of genetic variation reduce the 
adaptabilityy to a changing biotic and abiotic environment (Barrett & Kohn 1991) and increase 
thee susceptibility to pests and diseases (Beardmore 1983, Frankham 1995). 

Besidess reducing genetic variation, fragmentation enhances mating among relatives as the 
numberr of individuals within a population decline and gene dispersal between populations 
becomess restricted. Selfing is the most extreme form of inbreeding because it decreases 
heterozygosityy by half each generation. The amount of self-fertilisation is depending on the 
interactionn between floral morphology, the degree of self-compatibility and ecological 
factors,, such as pollinator availability and plant density (Schemske & Lande 1985). Although 
selfingg in self-incompatible plant species is genetically prevented (Richards 1986), inbreeding 
mayy still occur because neighbouring individuals are more related, owing to the restricted 
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CHAPTERR 1 

dispersall  of pollen and seeds (Schaal 1980b, Waser & Price 1983). 
AA negative consequence of inbreeding is the reduction in fitness, also known as inbreeding 

depressionn (Charlesworth & Charlesworth 1987). The interaction between inbreeding 
depressionn and mating system depends largely on the genetic basis of inbreeding depression. 
Thiss genetic mechanism in natural populations is largely unknown, but two hypotheses have 
beenn reviewed by Charlesworth & Charlesworth (1987). In the dominance model, loss of 
fitnesss is due to increased expression of recessive or partly recessive deleterious alleles in the 
homozygouss state, whereas the overdominance model is supposing superiority of 
heterozygotess over homozygotes at individual loci. However, a growing number of studies 
seemm to support the (partial) dominance model instead of the overdominance model (Dudash 
&&  Fenster 2000). According to this model, natural selection against inbred individuals may 
purgee deleterious recessive alleles from the population, reducing inbreeding depression. 
Populationss with a long history of inbreeding are therefore expected to have lower levels of 
inbreedingg depression. A survey of empirical evidence on inbreeding depression in plants 
conductedd by Husband and Schemske (1996), showed indeed that selfing species expressed 
lowerr inbreeding depression than outcrossing species. From this point of view, purging the 
geneticc load from populations by selection may be useful to restore population fitness. 
However,, purging of highly deleterious alleles can cause immediate extinction of small 
populationss with low reproductive rates, because of the added reduction in fitness from 
inbreedingg (Wang et al. 1999). Purging in small populations will only be successful if 
inbreedingg depression is due to partial dominance (Fenster & Dudash 1994). Nevertheless, the 
long-termm survival is still at risk, because fixation of mildly deleterious alleles due to drift 
lowerss the overall population fitness. 

AA possibility to restore population fitness is to perform inter-population crosses or increase 
populationn size by sowing of planting. However, mixing gene pools from different origins 
mayy lead to outbreeding depression, i.e., a reduction in offspring performance relative to the 
parentss when genetically diverged gene pools are mixed. Outbreeding depression may be 
explainedd by an ecological mechanism and a genetical or physiological mechanism. 
(Templetonn 1986, Dudash & Fenster 2000). The ecological mechanism is associated with the 
adaptationn to local environment. Crosses between differentiated populations will dissociate 
geness associated with local adaptation, resulting in an offspring that is adapted to neither 
parentall  environment. The other mechanism involves the breaking up of coadapted gene 
complexes,, like for instance the epistatic interaction among loci that enhances plant fitness. 
Thee opposite of outbreeding depression is heterosis, which is an increase of fitness relative to 
thee parents after hybridisation, because of a large increase in heterozygosity (Fenster & 
Dudashh 1994). In experiments it has appeared that heterosis may outweigh or balance the 
negativee effects of outbreeding depression (Dudash & Fenster 2000). 

REPRODUCTIONN IN FRAGMENTE D POPULATION S 
Thee sessile habit of plants complicates gene flow within and between populations. Although 
manyy species are adapted to abiotic pollen vectors, like wind or water, a large number of 
speciess is dependent of insects, birds or other animals for their pollination (Proctor et al. 
1996).. This mutualistic relationship between pollinators and plants is important for the 
geneticc and demographic functioning of plant populations (Vogel & Westerkamp 1991, 
Olesenn & Jain 1994). However, habitat fragmentation reduces pollinator diversity and 
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GENERALL INTRODUCTION 

disruptss plant-pollinator interactions (Rathcke & Jules 1993, Westerbergh & Saura 1994, 
Steffan-Dewenterr & Tscharntke 1999). In addition, gene flow patterns will change or 
disappearr as distances between plant communities become larger than the flight distances of 
thee pollinators (Kwak et al. 1998). Populations may become too small, sparse and isolated for 
pollinatorss to find them (the Allee-effect), lowering seed set drastically (Jennersten 1988, 
Lamontt et al. 1993, Groom 1998). However, co-flowering species may increase flower 
visitationn and seed set of rare species in sparse populations (i.e. the facilitation effect 
(Oostermeijerr et al. 1998)), but with increasing density of co-flowering species, competition 
forr pollinators will lead to pollen limitation (Rathcke 1983). 

AA special form of the Allee-effect in plant species is the presence of a self-incompatibility 
system.. Selfing in self-incompatible plants is genetically prevented. However, incompatibility 
mayy also occur when two outcrossed individuals are of the same mating type, having the 
samee incompatibility or S-alleles (De Nettancourt 1977). To maintain a high cross-
compatibilityy in populations, large numbers of S-alleles are necessary (Byers & Meagher 
1992).. However, in small populations drift may have reduced the diversity of S-alleles 
(Youngg et al. 2000), which may result in a lower mate availability and reduced seed 
productionn or even dissolution of self-incompatibility (Reinartz & Les 1994). In extreme 
situations,, reproduction may fail completely, because populations may exist only of a single 
self-incompatiblee mating type (DeMauro 1993, Wilcock & Jennings 1999). Population 
persistencee in these species may have been prolonged by vegetative reproduction, but from an 
evolutionaryy perspective they were already extinct. 

Besidess low seed production, another consequence of pollen limitation might be a shift of 
thee mating system from predominant outcrossing to selfing (Harder & Barrett 1996), resulting 
inn higher rates of self-fertilisation and (initially) increased levels of inbreeding depression 
(Landee & Schemske 1985, Charlesworth & Charlesworth 1987). Pollen limitation may result 
fromm either inferior pollinator service due to increased geitonogamy and intrafloral pollen 
deposition,, or by insufficient pollination associated with pollinator limitation or absence. If 
pollinatorr service is infrequent, delayed selfing may provide reproductive assurance if cross-
pollinationn fails (Lloyd 1992). However, unfavourable pollination conditions are likely to 
increasee the amount of selfing, because (a) self-pollen has less competition from cross-pollen 
andd (b) the degree of temporal and spatial separation between anthers and stigma may 
decreasee in flowers that develop under poor conditions or stay unopened for a long period. 
Thee amount of autonomous self-fertilisation is influenced by both the degree of self-
compatibilityy and factors as floral morphology and environmental pollination conditions 
(Lloydd & Schoen 1992). A shift from mixed-mating to selfing is only be possible if levels of 
inbreedingg depression are low (Lande & Schemske 1985). 

STUDYY OBJECTIVE S 
Populationn size and mating system have a large influence on demographic and genetic 
processess in small and fragmented populations. By studying the pollination biology, 
reproductivee success, mating patters, levels of genetic variation and individual plant fitness in 
decliningg and rare plant species, valuable information will be obtained on population viability 
andd its persistence in the future. The comparison of species with a different life strategy and 
matingg system will allow a better understanding of the ways in which they suffer from habitat 
fragmentationn and adaptation to the changing environment. 
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CHAPTERR 1 

Inn two threatened plant species with a different life-history, viz., the short-lived Gentianella 
germanicagermanica (Willd.) Börner versus the long-lived Arnica montana L., the following questions 
wil ll  be addressed: 

1.. What is the mating system of these species ? 
2.. Do small populations suffer from pollen limitation and reproductive failure ? 
3.. Is the degree of selfing higher in small population than in large ones ? 

Consideringg the rapid decline of A. montana in The Netherlands over the last decades, and in 
additionn to the above questions, we need information on different aspects of its population 
viabilityy in order to understand the importance of genetic variation and pollination. In 
particular,, we focused on the following questions: 

4.. Do smaller populations have a lower genetic diversity than large populations ? 
5.. Is there any evidence for a breakdown of the self-incompatibility system in small 

populationss ? 
6.. Is offspring performance in smaller populations lower than in large ones ? 
7.. Is individual plant performance associated with heterozygosity ? 
8.. Is outbreeding depression an important consideration in population restoration ? 

Inn addition, this information is important for the development of management programs for 
raree and threatened plant species. In general, the ecology of many rare species is rather well 
known,, but a poor understanding of their population biology appears to be a bottleneck for 
effectivee conservation. This becomes readily apparent from a management and monitoring 
plann that has been written for A. montana in 1992 (Bokeloh & van Zanten, 1993), which 
clearlyy suffers from a lack of insight in the species' population structure and breeding system. 

THEE STUDY SPECIES 
Inn this thesis, two plant species with a different life-history are investigated. Gentianella 
germanicagermanica Willd (Gentianaceae) is a strict biennial and self-compatible. Arnica montana L. 
(Asteraceae)) is a long-lived perennial plant, which reproduces sexually by seeds and 
asexuallyy by means of short rhizomes. In contrast to G. germanica, A. montana has turned out 
too have a self-incompatibility system. 

Inn The Netherlands, both species are threatened and placed on the Red Data List (van der 
Meijdenn et al. 2000). They both occur in isolated patches of natural habitat or nature reserves 
locatedd in a highly fragmented landscape surrounded by a heavily exploited agricultural 
matrix.. Both species have their main distribution in Central Europe and occurrence in The 
Netherlandss is in the western margin of the distribution area (Meusel et al. 1978, Hulten & 
Friess 1986). 

GentianellaGentianella germanica has always been restricted to a few populations, because the 
speciess occurs in calcareous grasslands, which are only found in a very small part of the 
country.. In this respect, G. germanica has always been rare in The Netherlands. Arnica 
montana,montana, on the contrary, is a characteristic species of nutrient-poor grass-, heath- and 
moorland,, which covered extensive areas in The Netherlands until the beginning of the 
twentiethh century. Draining of the moorland, planting of pines on the waste grounds as a 
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GENERALL INTRODUCTION 

provisionn of work and land reclamation are important causes for the deterioration and 
fragmentationn of our heath- and moorland landscape. Besides these environmental 
consequences,, the collecting of A.montana for medicinal purposes has also contributed to the 
declinee in The Netherlands (Bokeloh & van Zanten 1993). 

THEE OUTLIN E OF THI S THESIS 
Followingg this introduction, this thesis contains six chapters. The first four analyse factors 
affectingg population viability of A. montana. The last two chapters deal with aspects of the 
reproductivee biology of G. germanica and its respons to fragmentation and management. 

Inn CHAPTER 2 (REPRODUCTIVE SUCCESS AND CLONAL GENETIC STRUCTURE OF THE RARE 

ARNICAARNICA MONTANA (COMPOSITAE) IN THE NETHERLANDS), the breeding system and the clonal 
geneticc structure in a medium-sized population are analysed. The outcome provides important 
knowledgee for the interpretation of mating patterns, genetic structure, and the determination 
off  population size. 

Inn CHAPTER 3 (REPRODUCTIVE SUCCESS, OFFSPRING FITNESS, AND GENETIC VARIATION IN 

SMALLL AND LARGE POPULATIONS OF ARNICA MONTANA) an analysis is made of the genetic 
variationn and genetic population structure of 26 populations of various size. In a subset of 14 
populationss of different size, the natural seed production is examined and various fitness 
parameterss are measured in the greenhouse to determine offspring performance. 

Thesee two chapters have shown that both S-alleles and pollinators are important for the 
reproductionn of A. montana. Subsequently, in CHAPTER 4 (FLOWER VISITATION, OUTCROSSING 

RATE ,, AND THE RELATIONSHI P BETWEEN OFFSPRING PERFORMANCE AND INDIVIDUA L 

HETEROZYGOSITYY  IN ARNICA MONTANA) I investigated the hypotheses that reproductive failure 
iss rather a consequence of low mate availabity than of pollinators, because most Asteraceae 
havee a generalist pollination system. In contrast, we expect small populations to have more 
self-fertilee genotypes than large ones, due to pollinator limitation. To test these hypotheses, 
wee investigated the number of flower visitors and their visitation rates in relation to 
flowerheadd density in one small and one large population. Pollen from the insect bodies was 
collectedd to estimate their role as pollinators. To determine the ability for selfing, we analysed 
seedd set after artificial selfing in 11 populations of various size kept in the greenhouse. In 
threee natural populations, two large and one small, outcrossing rates as well as the 
relationshipp between individual heterozygosity and plant size were analysed. 

Inn CHAPTER 5 (DEMOGRAPHIC CONSEQUENCES OF INBREEDING AND OUTBREEDING IN 

ARNICAARNICA MONTANA: A FIELD EXPERIMENT), we compare the performance of selfed, intra- and 
inter-populationn crosses of plants introduced as seeds and as seedlings in a field experiment. 
Recently,, much attention has been given to the restoration of the ecological habitat conditions 
too counteract the decline of several threatened plant species. However, demographic and 
geneticc factors are other important factors determining the extinction of wild populations. 
Reintroductionn of populations and restoration of genetically depauperate populations with 
individualss or seeds from other populations may be an important management tool to restore 
populationn viability in the very near future, but is largely unexplored for declining plant 
species. . 
Studiess of the reproductive biological response to fragmentation and (changing) management 
off  the short-lived, self-compatible G. germanica, are presented in chapters 6 and 7. 

11 1 



CHAPTERR 1 

Inn CHAPTER 6 (REPRODUCTIVE BIOLOGY OF THE RARE BIENNIAL GENTIANELLA GERMANICA 

COMPAREDD WITH OTHER GENTIANS DIFFERING IN LIFE HISTORY), we investigated the mating 
systemm in two large but highly isolated populations. In addition, a comparison of autofertility 
andd ovule production per flower was made with several other gentian species differing in life 
history. . 

Inn CHAPTER 7 (VARIABL E HERKOGAMY AND AUTOFERTILITY IN MARGINAL POPULATIONS OF 

GENTIANELLAGENTIANELLA GERMANICA IN THE NETHERLANDS), we investigated changing patterns in the 
spatiall  and temporal separation of anthers and stigma in relation to autofertility. Data from 
19988 are compared with data from 1991 and 1992. In between these years, one of the large 
studyy population was mown one month earlier than usual. This led to a dramatic reduction in 
populationn size (i.e., a bottleneck) and also strongly decreased pollinator abundance. The 
consequencee of this man-induced population bottleneck on herkogamy (i.e. the spatial 
separationn of anthers and stigma within flowers) is discussed in relation to selection for 
autofertility. . 
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ReproductiveReproductive success and clonal genetic 
structurestructure of the rare Arnic a montan a 
(Compositae)(Compositae) in The Netherlands 

SheilaSheila Luijten, Gerard Oostermeijer, Nico van Leeuwen and Hans den Nijs 
1996.1996. Plant Systematics and Evolution 201:15-39 

Abstract:: In a medium-sized population of Arnica montana, a threatened species in The Netherlands, 
thee breeding system, reproductive success and genetic clonal structure were studied. Pollination 
experimentss suggested that A. montana is largely self-incompatible. Inbreeding depression was observed 
forr seedling size but not for fruit weight and germination rate. Although genetic variation is rather low 
inn this population, the data suggest an outcrossing mating system. Analysis of the genotype of all 
mappedd rosettes in a plot of 100 m2 indicated that dense clusters often consist of identical genotypes, 
suggestingg a clonal structure. Open clusters frequently contained several different genotypes. This may 
bee caused by limited fruit dispersal, since' seedlings were found mainly within or in the near 
surroundingss of the clusters. 

INTRODUCTIO N N 
Numerouss plant species have become rare or endangered as a result of the destruction and 
deteriorationn of their natural habitats. Populations of these species are often forced to persist 
inn often small and isolated nature reserves. In these fragmented habitats, the populations 
frequentlyy have reduced numbers of individuals, and are therefore prone to genetic drift and 
inbreedingg (Ellstrand & Elam 1993) both of which decrease genetic variation and fitness 
(Barrettt & Kohn 1991). Loss of genetic variation is thought to reduce the ability of 
populationss to adapt to changing environments, to decrease levels of performance and to 
increasee their susceptibility to pest and disease pressures (Beardmore 1983). 
Levelss and spatial structure of genetic variation in plant populations are influenced by 
breedingg systems and mating patterns (Loveless & Hamrick 1984, Richards 1986). In self-
compatiblee plants, pollination events generally lead to offspring that are partly self- and partly 
cross-fertilized.. In selfed offspring, heterozygosity is reduced and deleterious recessive alleles 
aree exposed, leading to inbreeding depression (Charlesworth & Charlesworth 1987, Mitton 
1989). . 

Manyy flowering plant species possess a self-incompatibility system (De Nettancourt 1977). 
**  Inbreeding in such strictly outcrossing species is avoided because self and cross pollination 

betweenn individuals sharing the same incompatibility (S)-alleles is genetically prevented. A 
largee number of S-alleles is required to maintain high levels of cross-compatibility in a 
population.. After bottlenecks, a loss of compatible mating types is expected to reduce 
reproductivee success and this will increase the probability of dissolution of the self-
incompatibilityy system (Reinartz & Les 1994).Inbreeding may still occur in self-incompatible 
species,, however, through mating between close relatives that have partly different S-alleles. 
Especiallyy in small populations, the probabilityy that such matings occur may be relatively 
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CHAPTERR 2 

highh (Ellstrand & Elam 1993). The spatial structure of the population will also affect mating 
patterns.. It has been demonstrated that neighbouring individuals in a population are often 
closelyy related as a result of restricted pollen and seed dispersal (Schaal 1980a, Waser & Price 
1983). . 

ArnicaArnica montana L. is a member of the family Compositae, in which self-incompatibility is 
aa common phenomenon (Brewbaker 1957, Richards 1986). However, to our knowledge no 
particularr data on A. montana are available. The species has become quite rare in The 
Netherlandss (Mennema et al. 1985) and in other parts of its distribution area (Hansen 1976). 
Itss decrease is mostly the result of land reclamation, excessive use of fertilizers, and the 
abandoningg of formerly more widely-used agricultural practices, such as mowing and 
haymaking,, sod-cutting and moderate grazing. It has also been shown that atmospheric 
acidificationn and deposition of nutrients affect the vitality of individual plants (Fennema 
1990,, Dueck & Elderson 1992). Besides these environmental factors, collecting of A. 
montanamontana for medicinal purposes has also caused the disappearance or reduction in size of 
severall  Dutch populations (Mennema et al. 1985). Because of its present status, A. montana 
hass been placed on the Dutch Red List of threatened and vulnerable vascular plant species 
(Weedaetal.. 1990). 

Thee present study examines the breeding system and spatial genetic structure of this 
threatenedd clonal species in a medium-sized population. In clonal species, the vegetative 
reproductionn may lead to difficulties in estimating the actual (effective) population size. A 
populationn can consist, for instance, of numerous intermingled ramets belonging to only a few 
genets,, or it may comprise many discrete genets that each produces a small cluster of ramets. 
Givenn the recently proposed monitoring program for this species in The Netherlands 
(Bokelohh & van Zanten 1993), a good insight in its population structure is necessary to enable 
aa more accurate estimate of population size and viability. Besides investigating clonal genetic 
structure,, special attention was also given to the putative self-incompatibility system of the 
speciess and to the effects of various pollination treatments and inbreeding on the reproductive 
success,, i.e., the quantity (seed set) and quality (seed weight, germination and seedling size) 
off  the offspring produced. In this way, we hope to gain more insight into the breeding system 
off  this rare species, to enable a better assessment of the specific problems of its small and 
isolatedd populations. 

MATERIAL SS AND METHOD S 

Studyy species 

ArnicaArnica montana L. is a rare, herbaceous, rosette-forming perennial of unmanured, mown or 
grazedd grasslands and dry heathlands in The Netherlands and other lowland areas (Westhoff 
&&  den Held 1969, Hansen 1976). In mountainous regions the species is much more common. 
Twoo subspecies are distinguished: subsp. montana and subsp. atlantica A. Bolós, the former 
havingg larger capitula and wider leaves than the latter (Ferguson 1976). Subsp. montana 
occurss throughout the entire range of the species, from S. Norway and Latvia southwards to 
thee Appenines and the S. Carpathians, but is absent from Portugal, while subsp. atlantica 
occurss from SW France to S Portugal (Ferguson 1976). In The Netherlands, only subsp. 
montanamontana is present. 

ArnicaArnica montana overwinters with large buds at the end of its short, thick rhizomatous 
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stems.. In spring new rosettes are formed, some of which may produce an erect stem, bearing 
11 to 5 solitary capitula. In The Netherlands, flowering takes place in early summer, from June 
throughh July. Flowerheads are orange-yellow and measure 4-8 cm across. The ligulate florets 
aree female and the tubular florets hermaphrodite. The plumed achenes (cypselas) are wind-
dispersed.. The seeds of A. montana show no dormancy and mostly germinate immediately 
followingg dispersal which occurs from late summer through autumn. 

Studyy species 
Thee study site is located in the south-east of the province Friesland in the northern part of The 
Netherlands.. The site, named Schoapedóbe, is under the management of the nature 
conservationn organisation 'It Fryske Gea'. The population is fragmented into a relatively large 
andd two smaller subpopulations located in an area of 50 acres with grass-heath and heathland 
vegetationn types and sand-drifts. Arnica montana is found mostly in grass-heath communities 
[alliancee Violion caninae (Schwick (1941) em. Preising 1949; see Westhoff & den Held 
1969),, which generally exhibit a rather open vegetation structure. Approximately one third of 
thee study vegetation is made up of Festuca ovina subsp. tenuifolia (Sibth.) Celak. Other 
conspicuouss species are Calluna vulgaris (L.) Hull, Molinia caerulea L., Danthonia 
decumbensdecumbens (L.) DC, Galium saxatile L. and Carex pilulifera L. In autumn the vegetation is 
mownn and the hay is removed. Pollination experiments were carried out with plants from the 
wholee population whereas the mapping and the genetic analysis were conducted in the largest 
partt of the population. In total, 1100 rosettes were found, either growing singly, or in clusters 
off  various sizes and densities. 

Pollinationn experiments 
Thee breeding system of A. montana was studied by means of different pollination treatments. 
Fifteenn plants were selected that had at least four flowering rosettes in a dense cluster, so that 
itt was very likely that all stems belonged to a single genet. On each individual plant, four 
differentt pollination treatments were conducted, each treatment on a single capitulum on a 
separatee flowering stem. For three pollination treatments, individual capitula were placed in a 
metall  cage, covered with fine mesh gauze to prevent insects from visiting. One caged 
capitulumm per plant was left untouched to investigate the possibility of spontaneous self 
pollinationn ('spontaneous selling' treatment). On the other caged flower heads, flowers were 
pollinatedd by hand, using either pollen from the same flower head ('hand selfing' treatment) 
orr cross pollen from another plant in the same population ('hand outcrossing' treatment). 
Handd selfing was carried out by gently transferring pollen from the anthers to the receptive 
stigmataa with a thin wooden pin. Hand outcrossing was done by brushing the anthers of one 
orr more male flowers (from a single capitulum) against the stigmas of flowers in the female 
stage.. These pollinations were carried out every second day until all florets in a capitulum had 
beenn in the female stage. Up to five pollen applications per flowerhead were conducted. The 
fourthh pollination treatment ('open pollination') occurred on an uncaged stem, labeled with a 
smalll  metal rod, which was open to natural pollinators. After all florets of these capitula had 
withered,, they were also caged to prevent the mature fruits from blowing away. 

Threee weeks after the last pollination treatments were carried out, the individual 
infructescencess were collected and the number of developed and undeveloped achenes per 
capitulumm was counted. Developed achenes could easily be distinguished from undeveloped 
oness because the former are hard and black and the latter soft and whitish. The sum of both 
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typess of achenes was taken as the total number of florets initially present in the pertaining 
capitulum. . 

Determinationn of reproductive success 

Seedss collected from the different pollination treatments were used to measure different 
parameterss of reproductive success, viz., achene (fruit) weight, number of days to germination 
andd estimated seedling size after four weeks. One hundred developed achenes were studied 
fromfrom all those produced after each pollination treatment. Achenes were sampled from each of 
thee harvested infructescences, making sure that each flowerhead (individual) was represented 
inn the total sample weighted for the relative number of viable achenes per head. The weight 
perr individual achene was determined on a microbalance. The achenes were placed on wet 
filterr paper in a petri-dish at 25° C and in a light regime of 12h day/12h night. Linear 
placementt of the achenes in the dishes made it possible to follow the germinating seeds 
individually.. The germination date of each individual achene was recorded. Four days after 
germination,, seedlings were planted in soaked peat pellets. After four weeks of growth, the 
abovegroundd biomass of each seedling was estimated using a non-destructive method. This 
estimationn is based on the product of (1) the total number of leaves per rosette (minus the 
cotyledons)) including the already vegetatively formed side rosettes, (2) the length and (3) the 
widthh of the largest rosette leaf present at that moment. Regression between this estimated 
seedlingg weight and the actual dry weight was found to be highly significant in earlier 
experimentss (^=0.707, p<0.0001). Because not all seedlings germinated at the same time and 
somee plants thus had a longer growth period, the estimated seedling weight was standardized 
too a growth period of exactly four weeks for each individual. 

Spatiall  distributio n of genotypes in the study population and sampling 

Inn the larger subpopulation of the Schoapedöbe, a plot with an area of 10x10 m2 was installed 
inn an area where the density of rosettes was relatively high, so the sample size achieved by 
thiss plot would be substantial. All vegetative and flowering rosettes of A. montana occurring 
withinn this plot were mapped. At the end of the flowering season, all seedlings that had 
emergedd in the plot were also recorded. A leaf sample was taken from each of the 450 
mappedd rosettes in the plot. Seedlings could not be sampled because they did not have enough 
leaff  tissue for electrophoresis. Collected leaves were put in plastic bags, placed on ice and 
returnedd to the laboratory for electrophoresis. Leaf samples were kept refrigerated overnight 
andd were prepared within 24 hours after sampling, during which time enzyme activity 
remainedd satisfactory. 

Approximatelyy 90 mg of leaf tissue, devoid of the midrib, were ground in 100 ul of pH 8.3 
extractionn buffer. This extraction buffer contained 0.1 M tris, 1% glutathion in reduced form 
(w/v),, 5% sucrose (w/v), 20 mM NaN03, 0.14 M NaCl, 10 mM MgCl2.6H20,10 mM 
dithioerythritoll  and 0.1% 0-mercaptoethanol (v/v). Following centrifugation, one part of the 
supernatantt was adsorbed onto 4x12mm filter paper wicks and stored in petri-dishes at -70°C 
untill  it was used for horizontal starch gel electrophoresis. The other part of the supernatant 
wass used directly for polyacrylamide slab gel electrophoresis. 

Priorr to this study, 26 different enzymes and four buffer systems were tested, using plants 
fromfrom six different populations including the Schoapedöbe study population. Although many 
enzymess were screened, only 17 enzymes showed activity. For the final analysis, only six 
enzymess were selected: aspartate aminotransferase (AAT, E.C. 2.6.1.1), esterase-p (EST-p\ 
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E.C.. 3.1.1.-), NADH dehydrogenase (NADH.DH, E.C. 1.6.99.3), phosphoglucoisomerase 
(PGI,, E.C. 5.3.1.9), phosphoglucomutase (PGM, E.C. 5.4.2.2) and shikimate dehydrogenase 
(SKD,, E.C. 1.1.1.25). Theoretically, more enzymes could have been screened, but the rapid 
decreasee in enzyme activity and the large distance of the study population from the laboratory 
limitedd the analysis to those enzymes that were suitable for both electrophoresis on a single 
bufferr system and a reliable interpretation of the banding patterns. 

Forr the actual analysis a pH 8.1 lithium-borate buffer system and 12%/6% (w/v) 
starch/sucrosee gels were used for aat, est-fi, nadh.dh, pgi andpgm, following the procedures 
describedd in Soltis & Soltis (1989). Skd was resolved on polyacrylamide gels using a 
modifiedd tris-glycine high pH discontinuous buffer system (Hames & Rickwood 1981). For 
thee preparation of the stacking gel buffer phosphoric acid was used instead of HC1 to adjust 
thee pH. For the stacking gel we used ammonium persulfate instead of riboflavin with a 3.65% 
acrylamidee concentration. The final acrylamide concentration in the resolving gel was 8.6%. 

Reproductivee success and measurements of fitness-related parameters 
Thee data were tested for normality with Kolmogorov-Smirnov one sample tests. When the 
dataa did not fulfil l the assumptions of parametric statistics, and transformations did not 
improvee this, non-parametric tests were used. Differences among treatments in the total 
numberr of florets per capitulum and the different parameters of reproductive success were 
testedd using an unpaired t-test. Differences in achene (seed) production and the ratio between 
developedd achenes to the total initial number of florets (seed set) between the different 
pollinationn treatments were tested by separate Mann-Whitney U-tests following Kruskall-
Walliss ANOVA. 

Generall  genetical analysis 
Standardd measures of genetic variation were calculated for the study population: the 
proportionn of polymorphic loci (P, 99% criterion), the mean number of effective alleles, 
averagedd over all loci (^ l /Spj2) , and the observed (H0) and expected (He) heterozygosity. 
Geneticc diversity was calculated over all loci by //e=l-Zpj2. A measure for multilocus genetic 
diversityy that has been used in other studies of clonal species (Ellstrand & Rose 1987) was 
alsoo calculated for this population: 7>1-Z{[nj(nj-1)]/[N(N-1)]} . Wright's inbreeding 
coefficientt (Wright 1922) was determined and genotype frequencies per locus were tested for 
Hardy-Weinbergg equilibrium using G-tests for goodness-of-fit (Sokal & Rohlf 1981). 

Spatiall  patterns in the distributio n of rosettes and multilocus genotypes 
Thee spatial distribution of the rosettes mapped was tested for deviation from a random pattern 
usingg the method of contiguous quadrat analysis (Boots & Getis 1988). Spatial structure in the 
distributionn of the multilocus genotypes was analysed by two different methods: 

(1)) The percentage of nearest neighbours with an identical multilocus genotype was 
determinedd for all rosettes. 

(2)) The spatial coordinates of all rosettes in the plot were specified with an accuracy of 1 
cm.. Each of the mapped rosettes was characterized with respect to the number of copies it 
carriedd of a certain allele (0, 1 or 2). Spatial autocorrelation analysis (Sokal & Oden 1978) 
wass performed on transformed individual allele frequencies (0, 0.5 or 1, respectively). Only 
polymorphicc loci (99% criterion) were used in the analysis. Spatial autocorrelation is present 
wheneverr individual allelic frequency is correlated with the presence (positive correlation) or 
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absencee (negative correlation) of the same allele in directly neighbouring or nearby 
individuals.. Moran's index I (Moran 1950) was used as a statistical measure of spatial 
autocorrelation.. The index was calculated by the following formula using the computer 
programm SAAP 4.3 (Wartenberg 1989): /= N 2j2j (wij zj zj)(2i Zj wij Zj2)-' , where N is the 
numberr of rosettes, wjj is a join matrix where w;j is one if rosettes i and j are in the same 
distancee class and zero otherwise, zj = (xj - x) and zj = (xj - x). The variables xj and xj are the 
genotypicc scores for rosette i and j , respectively, and x is the mean score for all rosettes in the 
plot.. Based on the actual distribution of rosettes in the study plot, the following distance 
classess (in cm) were used for the calculation of Moran's I: 0-10, 11-20, 21-30, 31-40, 41-50, 
51-60,, 61-70, 71-80, 81-90, 91-100, 101-200, 201-300, 301-400,401-500, 501-750, 751-988 
(max.. distance). 

Sincee genotypic scores do not follow a normal distribution, Moran's / was tested for 
significancee under the randomization assumption as a standard normal deviate (Cliff & Ord 
1981)) using Bonferroni criteria (Weir 1990) for the multiple tests for each distance class 
providedd by the allelic variables. Values of Moran's I greater than the expected value of E(/) 
== -(n-1)"' indicate that genotypes at a given distance are more similar than expected by 
chancee whereas values lower than E(I) indicate a similarity that is lower than expected. 

RESULTS S 

Pollinationn treatments 
Thee initial number of florets per capitulum did not differ significantly between pollination 
treatments.. The type of pollination did result in very significant differences in seed set, 
howeverr (Fig. 1). The open-pollinated heads had a relatively high seed set (78%). In 
comparisonn with open pollination, the cross-pollinated flowerheads showed a significantly 
lowerr seed set (55%). After self pollination, either spontaneous or by hand, a dramatically 
reducedd average seed set of no more than 10% was observed. Spontaneous self pollination 
resultedd in an average seed set of 1.3% which was significantly lower than the seed set after 
handd selling (8%). 

oo 1001 

33 60-

.0%cc 1.3 % d 

crosss pollination free pollination hand selfing spontaneous selfing 

pollinationn treatment 

Figuree 1. Reproductive output for different pollination treatments in the Schoapedöbe population. Columns 
representt the mean number of florets per capitulum and the mean number of viable seeds (achenes). The mean 
percentagee seed set is gven above each set of columns.  number of florets per capitulum; D number of viable 
seeds.. Values that have no letter in common are significantly different (Mann Whitney-U and Kxuskal-Wallis 
ANOVA,/7<0.05). . 
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Figuree 2. Frequency diagram of the percentage of seed set per capitulum for the hand sclfing treatment (D)and 
spontaneouss selfing (>)in the Schoapedobbe population of Arnica montana. 

Althoughh the average seed set of hand self-pollinated flowerheads was very low, there was 
considerablee variation in seed set among individual plants, ranging from 0 to 42% (Fig. 2). 
Thee success of hand selfing appears to be somewhat higher than that of spontaneously selfed 
capitula,, as seed set in the latter group was never higher than 10% (Fig. 2). 

Measurementss of reproductive success 
Thee mean individual achene weight did not differ significantly between the four pollination 
treatmentss (Fig. 3a). The low number of viable achenes per capitulum in the selfing 
treatmentss did not result in an increase in the individual fruit weight. Although the average 
achenee weight was equal for the different treatments, the mean number of days to germination 
showedd significant differences. Seeds developed after spontaneous selfing germinated 
significantlyy slower than seeds obtained from all other pollination treatments. Also, seeds 
fromm cross-pollinated flowerheads germinated significantly faster than those from open-
pollinatedd heads. Seeds obtained by hand selfing showed no significant difference in 
germinationn rate with seeds from cross- or open-pollinated flowerheads (Fig. 3b). Despite the 
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Figuree 3. Fruitweight (a), number of days to germination (b) and seedling weight (c) in relation to different 
pollinationn treatments in the Schoapedobbe population of Arnica montana. 
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obviouss differences in germination rate, the percentage of seeds germinating was nearly 100 
forr each pollination treatment. 

Thee estimated size of seedlings from the cross-pollination treatment was significantly 
higherr than that of the other treatments (Fig. 3c). However, no differences in seedling size 
weree found between hand selfing, spontaneous selfing and open pollination. 

Geneticc variation 
Outt of the 450 mapped rosettes, 428 were suitable for genetic analysis. The remaining 22 
rosettess had already withered and did not show any enzyme activity. Overall allozyme 
variationn was low in the study population, with a proportion of polymorphic loci of P=0.333 
(basedd on six loci). The actual proportion of polymorphic loci in this population is probably 

Figuree 4. A map of a 1 Ox 10m plot showing the distribution of the 17 multilocus genotypes and seedlings in the 
Schoapedobbee population of Arnica monlana. Uppercase letters represent flowering and lowercase letters 
vegetativee rosettes. A seedlings, 9 vegetative rosettes with unknown genotype and  flowering rosettes with 
unknownn genotype. 
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considerablyy lower than presented here. No variation in another 11 allozymes (that were not 
usedd further in this study) was observed during the preliminary screening, so a more accurate 
estimatee ofP would be 0.111. In the study population, only two polymorphic loci were found, 
skdd and estp\ The mean number of alleles per locus (A) was 2.5 (3 for est-/3 and 2 for skd) and 
thee effective number of alleles per locus (Ae) was 1.14. The mean genetic diversity (He) in this 
populationn was 0.17 for the six assayed loci. Again, when the 11 monomorphic loci are taken 
intoo account as well, He would be 0.0600. The mean observed diversity in this population 
(Z/„=0.0597)) was quite similar to the mean expected value. Genotype frequencies did not 
significantlyy depart from Hardy-Weinberg equilibrium in this population (G-test: G(es/-
P)=2.264,P)=2.264, ns; G(skd)=0Al2, ns). Wright's inbreeding coefficient Fi s was +0.024 and -0.025 
forr est-ji and for skd, respectively, with an average of+0.004. Out of the 18 possible 
multilocuss genotypes (JVg) in this population, 17 were found among the 428 analyzed rosettes. 
Thiss resulted in a mean multilocus genotype diversity (D) of 0.90 in this population. 
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Figuree 5. Moran's spatial autocorrelation I as a function of distance (correlogram for a) est-fi and b) skd (full 
sumbolss indivate significance /?<0.05) 
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Spatiall  pattern and genetic similarit y 
Inn the study plot, a total of 526 rosettes (vegetative, generative plus seedlings) was mapped. 
73%% of all mapped rosettes were vegetative. The percentages of seedlings and flowering 
rosettess are quite low, 14.5% and 12.5%, respectively. Apart from occasional isolated single 
rosettes,, most rosettes were grouped together in either small or large clusters. Not all clusters 
producedd generative rosettes and not all individual rosettes within a flowering cluster 
producedd an inflorescence. The distribution of the seedlings suggests a limited dispersal of 
achenes.. Seedlings were only found in one side of the plot, and were mostly located within 
loosee clusters of mature flowering rosettes, or in their direct vicinity. 

Mappingg of the electrophoretically genotyped ramets in the Schoapedöbe population (Fig. 
4)4) showed that most of the clustered rosettes consisted of identical genotypes. This supports 
thee hypothesis that a group of densely clustered rosettes belongs to one single genet. 
However,, less densely grouped rosettes often consisted of two or more different multilocus 
genotypes.. These different genotypes were either found on the margins of the clusters or the 
wholee group of rosettes formed a mixture of two or three genotypes (Fig. 4). 

Thee contiguous quadrat-analysis statistically confirmed the visual observation of clustering 
off  the rosettes in the study population. The spatial distribution of the rosettes deviated 
significantlyy (/?<0.005) from a random pattern, in the expected direction (i.e. no antagonism 
orr overdispersion). Moreover, the multilocus genotypes appear to be significantly clustered. 
Thee percentage of nearest-neighbour ramets with identical genotypes is 86% in the 
Schoapedöbee population. This is very significantly different from the 6% identical neighbours 
thatt may be expected when the distribution of the 17 genotypes is random (e.g. the probability 
off  an identical nearest neighbour is 1/17 for each pair, G=1790,p<0.0001). 

Moran'ss spatial autocorrelation coefficients (/) for the two allozyme loci are presented as 
distancee correlograms in Fig. 5a & b, incorporating the overall significance per distance class 
ass assessed by Bonferroni criteria. Overall significance is very high. In total, 57 out of 60 
Moran'ss /-values in the correlograms were significant. Significant positive autocorrelation 
wass observed in the shortest distance classes (0-40 cm) for each of the three alleles of est-fi 
Forr skd, significant positive associations of allele frequencies were observed up to a distance 
off  100 cm. Hence, the patch size, indicated by the distance class in which the value of I drops 
beloww zero for the first time, is different for the two variable loci, with est-fi showing a 
smallerr patch size (41-50 cm) than skd (91-100 cm). 

DISCUSSION N 

Breedingg system 

Inn the family Compositae, multiallelic sporophytic self-incompatibility is common 
(Brewbakerr 1957, Richards 1986). In this SI system, the behaviour of the pollen is determined 
byy the genotype of its parent (Heslop-Harrison 1975). The major effect is the inhibition of 
self-fertilizationn and the promotion of outcrossing between genetically different individuals of 
thee same species (Lewis 1949, Barrett 1988). The observed low seed set for self-pollinated 
flowerheadss in A. montana in the Schoapedöbe population suggests that the species has a 
geneticc self-incompatibility system. However, considerable variation in the expression of this 
self-incompatibilityy system was observed, given the highly variable seed set of self-pollinated 
flowerheads.. This variation implies that some individual plants show a partial breakdown or 
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failuree of the incompatibility system. Such a breakdown has previously been reported in 
TaraxacumTaraxacum sect. Ruderalia (Jennikens 1984); partial break-down of the self-incompatibilty 
systemm may also be caused by trigger-pollen in this group (Menken et al. 1989, Morita et al. 
1990). . 

Althoughh some plants are more or less self-compatible, pollinators are apparently essential 
forr fertilization since flowers are not able to self-pollinate spontaneously. The significantly 
lowerr seed set for cross-pollinated flowerheads in comparison to the open-pollinated flowers 
iss probably caused by either an insufficient number of hand pollinations or by the pollen 
donorr sharing some S-alleles with the pollen receptor. Since open-pollinated flowerheads 
showw a quite considerable seed set, it must be concluded that pollinator activity in the 
Schoapedöbee population is sufficient. 

Inn self-incompatible species, a large number of S-alleles is necessary for maintaining a 
highh cross-compatibility level in a population (Byers & Meagher 1992). For A. montana, the 
numberr of S-alleles was not investigated, but the data show a striking similarity to those from 
thee rare Aster furcatus Burgess (Les et al. 1991, Reinartz & Les 1994). Both species are 
clonal,, exhibiting extremely low genetic variation and both seem to show a partial breakdown 
off  this self-incompatibility system. Further investigation of the self-incompatibility system of 
A.A. furcatus showed that the breakdown of the incompatibility system was associated with a 
loww number of S-alleles and by complex overdominance relationships among S-alleles. The 
losss of S-alleles was most likely the result of population bottlenecks (Reinartz & Les 1994). 
Computerr simulations of a sporophytic self-incompatibility system, performed by Imrie et al. 
(1992)) showed that in small populations genetic drift caused rapid loss of S-alleles. 
Populationss consisting of few individuals are not able to maintain a high diversity of S-alleles 
andd thus show a decrease in the frequency of available mates. This eimer causes a reduced 
seed-sett or an increase in variation of seed-set per individual due to the variance in available 
matess (Byers & Meagher 1992). Since open pollinated flowerheads of A. montana have a 
ratherr high seed set and the majority of the self-pollinated heads had a low number of viable 
seedss it is likely that a relatively high number of different S-alleles is still present in the 
population.. However, many of the Dutch populations are of much smaller sizes and further 
studiess are necessary to test their reproductive performance. 

Geneticc population structure 
Thee overall genetic variation of A. montana in the Schoapedöbe population is very low. The 
presencee of only two polymorphic loci did not allow any firm conclusions as to the number of 
differentt genotypes in the population. Therefore, the clusters that are now classified as 
belongingg to the same genet may still show genetic variation that could not be demonstrated 
withh allozyme electrophoresis. Inferences made about the genetic structure on the basis of the 
presentt analysis are therefore conservative. 

Thee suggestive population structure where groups of rosettes may be or have been 
connectedd by rhizomes, so that they consist of ramets belonging to the same genet, seems to 
holdd particularly for dense clusters of rosettes. However, the more open clusters often 
consistedd of more than one genotype. These mixtures of different genotypes are probably the 
resultt of the limited achene dispersal of achenes observed in the population. Seedling 
recruitmentt was largely observed within, and in the near surroundings of, flowering clusters 
off  rosettes. This agrees mostly with observations on other clonal plant species that belong to 
thee so-called Repeated Seedling Recruitment (RSR)-type (Eriksson 1993). Despite mixing 
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rosettess of different genotypes, it is likely that the limited seed dispersal together with the 
clonall  spread of genets will have created neighbourhoods with closely related rosettes. The 
spatiall  autocorrelation analysis suggests that in A. montana, the diameter of such related 
patchess is approx. 50-100 cm. 

Whenn all assayed allozyme loci are considered, the relatively large population of A. 
montanamontana investigated here showed a very low proportion of polymorphic loci and low genetic 
diversity.. For a self-incompatible, obligately outcrossing species, such a high degree of 
fixationn is rather unusual (Loveless & Hamrick 1984). Historical population bottlenecks, 
accompaniedd by inbreeding among close relatives and lack of immigration of new variants 
fromm other populations because of increased isolation may be the most important causes for 
thiss low level of genetic variation. Populations with low levels of genetic variation may have 
reducedd fitness (Barrett & Kohn 1991) and may be less well adapted to changes in the 
environmentt (Frankel & Soulé 1981, Beardmore 1983). Many of the extant populations of A. 
montanamontana in The Netherlands are much smaller than the one studied here, and may be at risk. 

Inn spite of the very low level of overall gene diversity, the two polymorphic loci showed 
allelee frequencies that are indicative of an outcrossing species. This is confirmed by the high 
meann multilocus genotype diversity found in the Schoapedöbe population. For the two 
polymorphicc loci all but one of the 18 possible genotypes were observed in the study plot. 

Inbreedingg depression in various parameters of reproductive success 
Thee average weight of the achenes was very similar after the different pollination treatments, 
suggestingg that there is no inbreeding depression in this parameter. However, variation in fruit 
weightt that is not the result of inbreeding depression could also be expected. Since the 
pollinationn experiments led to considerable differences in seed set, achenes from heads 
(individuals)) with a high seed set may have had lower weight than those from heads with very 
loww seed set. Such negative relationships between seed set and seed weight, resulting from 
variationn in maternal investment, have often been mentioned for other plant species (Schaal 
1984,Roachh & Wulff 1987). Apparently, in A. montana maternal investment per achene was 
nott limited. However, it can also be concluded that no difference in achene weight for a small 
numberr of fertilized ovules may be the result of a loss in capacity of maternal investment by 
thee individual plant. 

Noo differences in the proportion of seeds germinating were found among the pollination 
treatments.. In the early stages of the life cycle, performance of outbred and inbred progeny is 
generallyy very similar, probably as a result of the strong maternal carry-over effects in these 
stagess Schaal 1984, Roach & Wulff 1987, Wolfe 1993, Oostermeijer et al. 1994). Although 
theree were no differences in germination percentage, there were differences in germination 
rate.. On average, the seed from self-pollinated capitula seemed to germinate at the same time 
ass the seeds from outcrossed and open-pollinated heads, but outbred seeds germinated 
significantlyy faster than the seeds from open pollinated capitula. From these results, it cannot 
bee concluded that there is any reduction in germination rate resulting from inbreeding. If this 
weree the case, one would expect that offspring from outcrossed heads would germinate the 
fastest,, those from selfed heads the slowest, while the offspring from the open pollinated 
capitulaa (which are the result of a mixture of self- and cross fertilizations) would occupy an 
intermediatee position. As this was not the case, these results are difficult to explain. 

Estimatedd seedling biomass of the outbred progeny was significantly higher in comparison 
withh the offspring of the other pollination treatments. After seedling establishment, the 
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genotypee becomes a more important determinant of performance than maternal carry-over 
effects.. Inbreeding depression is therefore generally most strongly expressed in, e.g., adult 
size,, flower production, number of ovules per flower (Roach & Wulff 1987, Dudash 1990, 
Johnstonn 1992, Oostermeijer et al. 1994). The level of inbreeding depression expressed often 
dependss on the environment in which it is measured. In the natural habitat the expression of 
inbreedingg depression may be higher than in the greenhouse, owing to less optimal growing 
conditionss (Dudash 1990). 

Noo significant difference in seedling biomass was found between selfed and open-
pollinatedd plants. This is in contrast to our expectations, since in a self-incompatible species, 
openn pollination should have a similar result as outcrossing. However, the observations may 
bee explained by differences in the distance of the pollen donor between the open-pollinated 
andd hand-outcrossing treatments. Pollen for the outcrossing treatment was taken from a donor 
att least 10 meters away. The uncaged flowers were most likely pollinated with pollen from a 
donorr at a (much) shorter distance, since pollinators generally fly rather short distances (Levin 
&&  Kerster 1969). Especially when the density of flowering stalks is high, pollen and gene 
dispersall  tend to be restricted because of the foraging behaviour of the pollinators (Schaal 
1980a).. Since in the study population vegetative and flowering rosettes are not randomly 
distributedd and seed dispersal is rather limited as well, any pollination between neighbouring 
floweringflowering rosettes will very likely lead to a rather high inbreeding coefficient in the resulting 
offspring.. Hence, the offspring from the open-pollinated capitula may be more similar to 
inbredd than to fully outbred progeny. 

Althoughh self-incompatible species such as A. montana are normally prevented from self-
fertilization,, inbreeding may still occur through mating with closely related or genetically 
similarr individuals which still have different S-alleles. Low genetic variation is not 
necessarilyy a good indicator of the number of S-alleles in a population. Oenothera organensis 
Munz,, an endemic gametophytic self-incompatible species had a high allelic diversity at the 
S-locus,, but an extremely low diversity at other loci (Levin et al. 1979). 

Apartt from an increased relatedness of individuals owing to the low level of genetic 
variationn in the studied A. montana population, the possible partial breakdown of the self-
incompatibilityy system may also have increased the ratio of inbred to outbred offspring in 
openn pollinated capitula. Together, both factors may explain the relatively low performance of 
seedlingss from naturally pollinated flower heads. 

Itt can be concluded that in the present situation inbreeding depression lowers the 
performancee of seedlings in the study population of this rare, self-incompatible species. This 
inbreedingg depression seems to occur in spite of sufficient pollinator visitation and may be 
ascribedd to (1) the patchy clonal structure of the population, (2) the low level of genetic 
variationn in the population, and (3) partial breakdown of the self-incompatibility system. The 
latterr two may be the result of a (recent ?) bottleneck. These findings suggest that the 
perspectivess for the (majority of) the small populations present in The Netherlands may be 
underr pressure. 
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PopulationPopulation size, genetic variation, and 
reproductivereproductive success in a rapidly declining, 
self-incompatibleself-incompatible perennial (Arnic a montana ) 
inin The Netherlands 

SheilaSheila Luijten, Angelo Dierick, Gerard Oostermeijer, Léon Raijmann and Hans den Nijs 
2000.2000. Conservation Biology 14:1776-1787 

Abstract:: Arnica montana is a rare and rapidly declining, self-incompatible plant species in The 
Netherlands.. In 26 populations we investigated the relationship between population size and genetic 
variationn using allozyme markers. Genetic variation was rather low in A. montana (//e=0.088). There 
weree positive correlations between population size and the proportion of polymorphic loci, the number 
off  effective alleles, and the expected heterozygosity, but not with the observed heterozygosity. There 
wass a significantly positive correlation between population size and the inbreeding coefficient. 
Generally,, small populations showed heterozygote excess which decreased with increasing population 
size.. Possibly, the heterozygous individuals in small populations are survivors from the formerly larger 
populationss with a relatively high fitness. The F-statistics showed a moderately high level of 
differentiationn among populations (FST=0.140  0.02), implying a low level of gene flow. For three out 
off  four allozyme loci, we found significant inbreeding (FiS=0.104  0.03). Only 14 of 26 populations 
weree in Hardy-Weinberg equilibrium at all four polymorphic loci. In a subset of 14 populations of 
variouss size, we investigated natural seed production and offspring fitness. Population size was 
positivelyy correlated with seed set, seedling size, the number of flowering stems and flowerheads, adult 
survival,, and total relative fitness but not with the number of florets per flowerhead, germination rate, or 
thee proportion of germination. Offspring performance in the greenhouse was not associated with genetic 
diversityy measured on their mothers in the field. We conclude that fitness of small populations is 
significantlyy reduced, but that there is as yet no evidence that this was caused by inbreeding. Possibly, 
thee self-incompatibility system of A. montana has been effective in reducing selfing rates and 
inbreedingg depression. 

INTRODUCTIO N N 
Manyy plant species around the world have become threatened because of habitat fragmen-
tationn and destruction. For several formerly common plant species, both the number of 
populationss and the size of the populations have seriously declined. In many cases they are 
forcedd to live in small and geographically isolated habitat remnants, often surrounded by an 
unsuitablee matrix. Small and isolated populations are sensitive to local extinction because of 
demographic,, genetic and environmental stochasticity. 

Populationn size seems to be an important factor for the maintenance of genetic variation. 
Geneticc theory predicts that strong fluctuations in the number of individuals or continually 
smalll  population sizes result in genetic drift, which will lead to the fixation of alleles and a 
losss of genetic variation (Barrett & Kohn 1991). Some empirical studies of formerly more 
widelyy distributed plant species demonstrated that population size was positively correlated 
withh genetic variation (Young et al. 1996). Random drift will also increase genetic 
differentiationn among populations; gene flow will counteract this increase (Ellstrand 1992). 

3 3 
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Anotherr consequence of small population size is the susceptibility to inbreeding, which 
reducess heterozygosity and the performance for various fitness-related traits (inbreeding 
depression,, Lande & Schemske 1985, Charlesworth et al. 1997). In both animals and plants, 
thee level of heterozygosity tends to be significantly associated with fitness (Schaal & Levin 
1976,, McAndrew et al. 1986, Mitton 1993, Oostermeijer et al. 1995a). Especially in 
outcrossingg plant species, substantial inbreeding depression was found early and late in the 
lif ee cycle (Barrett & Charlesworth 1991, Husband & Schemske 1997) Reduced genetic 
variationn affects the flexibilit y of populations to adapt to changing environmental conditions 
(Beardmoree 1983). 

Besidess genetic variation, the effect of pollinator service on seed production is another 
importantt factor for population viability. Small and isolated populations are less attractive to 
pollinatorss than large populations. Low visitation rates will reduce seed set of insect 
pollinatedd plants (Jennersten 1988, Kwak et al. 1991) and the potential for intra- and 
interpopulationall  gene flow. In self-incompatible plant species random genetic drift may also 
havee severe consequences for the seed production. A sufficient number of different mating-
typess (S-alleles) is necessary in a population to maintain a high cross-compatibility (Byers & 
Meagherr 1992). Because of genetic drift, small populations are not able to maintain a large 
diversityy of S-alleles and this may have a pronounced effect on the seed production. In an 
extremee situation, a population may exist of only one mating-type (DeMauro 1993). 

Wee sought to examine the effects of the severe habitat fragmentation on genetic variation 
andd reproductive success in the rapidly declining, self-incompatible plant species Arnica 
montanamontana L. (Asteraceae). Based on the possible problems for small and isolated populations 
describedd above, we attempted to answer the following questions: (1) is there significant 
geneticc differentiation among and within populations ? (2) do smaller populations have lower 
geneticc diversity ?, and (3) are population size and genetic variation associated with seed 
production,, offspring survival and performance ? 

MATERIA LL  AND METHODS 

Thee species and its decline 

ArnicaArnica montana L. (Asteraceae) is a long-lived, rosette-forming perennial that grows in 
unmanured,, mown or grazed grasslands, and dry heathlands (Ferguson 1976). The 
distributionn area is restricted to Europe, where it occurs from southern Scandinavia to 
northernn Italy and in the Carpathians (Hulten & Fries 1986). Especially in northern parts of its 
distributionn range, the species is becoming rare. Until the beginning of 1900, A. montana was 
aa common species in The Netherlands, occurring on higher sandy soils in heathland and peat-
moorss (Heukels 1911). Its decline is mostly the result of land reclamation, an excessive use of 
fertilizers,, and the disappearance of small-scale farmers, who used these grass- and 
heathlandss for cattle or sheep grazing, sod-cutting, and haymaking. Arnica montana was also 
threatenedd because it is collected for medicinal use (Mennema et al. 1985). In 1973 the 
speciess became legally protected and was subsequently placed on the Dutch Red List in 1990 
(Weedaa et al. 1990). Despite its protected status and the restoration management of its habitat, 
thee number of populations has declined by more than 40% over the last nine years (Fig. 1). 

ArnicaArnica montana reproduces sexually via seeds and vegetatively with short rhizomes. 
Floweringg occurs in early summer. The plumed achenes are wind-dispersed. The seeds have 
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noo dormancy and germinate from late summer through autumn or in the next spring. In a 
previouss study, we have found that A. montana is self-incompatible and pollinator dependent 
(Luijtenn et al. 1996). Flower heads are mostly visited by syrphid flies (personal observations). 
Inn a small number of individuals, hand selfing resulted in a seed set of up to 45 %, which 
suggestss a partial breakdown of the self-incompatibility system. Inbreeding depression was 
observedd for seedling size but not for fruit weight or time to germination. Because seedling 
sizee from open pollinated flowerheads showed no significant difference with seedling size 
fromm hand selfing, we concluded that inbreeding must occur in naturally pollinated 
flowerheads.flowerheads. We attributed this to the restricted foraging behavior of the pollinators in the 
patchyy clonal structure of the flowering genets (Luijten et al. 1996). 

Populationn size 
Estimatingg population size of a clonally growing species is difficult. An earlier analysis of the 
geneticc clonal structure showed that dense clusters of rosettes consisted of the same 
multilocuss genotype (based on two loci), whereas most open clusters contained more than one 
genotypee (Luijten et al. 1996). Differences between genotypes in open clusters can also be 
estimatedd on the basis of phenotypic variation. The number of individuals in a population was 
thereforee estimated in the flowering period, when most morphological characters are obvious 
(variationn in color, hair cover, and shape of stems, leaves, and flowerheads). 

Allozymee electrophoresis 
Inn 1998 we analysed the genetic variation in 26 populations of A. montana. Populations 
variedd in size from very small to relatively large (Table 1). In most populations we collected 
onee leaf per genet. Because of the vegetative reproduction, sampling could not be done at 
random.. We avoided taking more than one leaf sample from the same genet. We 
distinguishedd genets as described above. In some extremely small populations, however, we 
sampledd all ramets to confirm our estimation of the number of genotypes. These replicate 
genotypess were excluded from the analysis of genetic variation. 

Figuree 1. The distribution of A. montana in The Netherlands from 1900-1950 based on a grid of km2(352 km2, 
source:: FLORIVON-0), 1975-1994 (131 km2, source: FLORBASE-2c) and 1998 (38 km2, source: FLORBASE-
2c,, modified on the basis of personal observations). 
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Wee put collected leaves in plastic bags, placed the bags on ice, and took them to the 
laboratoryy for horizontal starch-gel electrophoresis. Leaf samples were refrigerated overnight 
andd prepared the next day; otherwise, enzyme activity would have been unsatisfactory. For 
thee analysis, approximately 70 mg of leaf tissue, devoid of midrib, was ground in 300 u.1 of 
pHH 8.0 extraction buffer. This extraction buffer contained 0.1 M tris, 1% glutathion in 
reducedd form (w/v), 5% sucrose (w/v), 20 mM NaN03, 0.14 M NaCl, 10 mM MgCl2-6H20, 
100 mM 1,4-Dithioerythritol, 10 mM 1,4-Dithio-DL-threitol, 4% DOWEX, and 0.1% p-
mercaptoethanoll  (v/v). Three different buffer systems were used for analysis: morpholine-
citratee pH 6.1 (Soltis & Soltis 1989) with a modified gelbuffer dilution (1:15), tris-borate-
EDTA,, pH 8.5/tris-citrate pH 8.3 (Corrias et al. 1991), and tris-histidine-citrate pH 6.3 
(electrodee buffer, 0.135 M tris, 0.39 M citrate acid; gel buffer, 0.0027 M citric acid, 0.01 M 
L-histidinee with tris to pH 6.3, (modified from Soltis & Soltis 1989). Horizontal gel 
electrophoresiss was carried out on 12% starch gels, except for the buffer system morpholine-
citratee where 5% sucrose was added. 

Allozymee data were obtained for 17 loci belonging to 15 enzyme systems (in parentheses, 
abbreviationss and E.C. number): 6-phosphoglucodehydrogenase (6PGD-1,2 1.1.1.44), alcohol 
dehydrogenasee (ADH 1.1.1.1), alanine aminotransferase (ALT 2.6.1.2), aspartate 
aminotransferasee (AAT 2.6.1.1), esterase-̂ (EST-P 3.1.1.-), isocitrate acid dehydrogenase 
(IDHH 1.1.1.42), leucine aminopeptidase (LAP 3.4.1.1), malate dehydrogenase (MDH 
1.1.1.37),, malic enzym (ME-1,2 1.1.1.40), NADH dehydrogenase (NADHdh 1.6.99.3), 
phosphoglucoisomerasee (PGI 5.3.1.9), phosphoglucomutase (PGM 5.4.2.2), shikimate 
dehydrogenasee (SKD 1.1.1.25), superoxide dismutase (SOD 1.15.1.1), and uridine-
diphosphoglucose/pyrophosphorylasee (UGPP 2.7.7.9). 

Reproductivee success and fitness-related parameters of offspring 
Inn 1993 mature fruiting heads were collected in a subgroup of 14 populations of various sizes 
(Tablee 1). We sampled a single head per genet. In extremely small populations we often could 
nott collect more than one or two genets. In the remaining populations 10 to 15 genets were 
sampledd at random. In total, we collected 131 flowerheads. Of each head (capitulum), we 
determinedd the percentage seed set, expressed as the ratio of developed achenes to the total 
numberr of florets per capitulum. Developed fruits could easily be distinguished from 
undevelopedd ones because the former are hard and black and the latter soft and whitish. 

Forr the analysis of the offspring characteristics we used a mixture of 100 seeds from each 
population,, derived from the sampled flowerheads. We made sure that each sampled 
flowerheadd was equally represented in the mixture. In some small populations all collected 
seedss had to be used because the total seed production was <100. We weighed each 
individuall  fruit on a microbalance, placed each on wet filter paper in a petri-dish, and kept all 
inn the greenhouse at 25° C at a light regime of 12hours day/12hours night. Linear placement 
inn the petri-dishh made it possible to follow the germinating fruits individually, so the date of 
germinationn could be recorded. Four days after germination, seedlings had grown sufficiently 
bee planted in small, soaked peat pellets in a randomised order. Four weeks later, the 
abovegroundd biomass was estimated with a nondestructive method. This estimation was 
basedd on the product of the total number of leaves (minus the cotyledons and including the 
alreadyy formed side rosettes) and the length and the width of the largest leaf present at that 
moment.. Regression between this estimated seedling size and the actual dry weight was 
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highlyy significant in earlier experiments (^=0.707, p<0.0001). Not all fruits had germinated 
att the same time, so seedling size was measured after a growth period of exactly four weeks 
forr each genet. After eight months of growth in the greenhouse, plants were placed outside, 
againn in a random configuration. A winter period and shortening of daylength were necessary 
too stimulate flower development. In the second growing season, we counted the number of 
floweringflowering stems and heads on the surviving plants. Of all the individual fitness parameters 
measured,, we calculated a cumulative fitness value per population by multiplying the 
followingg parameters: initial number of seeds placed in the petri dish, percentage 
germination,, percentage survival, percentage flowering, number of flowerheads, and number 
off  florets per flowerhead. 

Dataa analysis 
Too estimate genetic variation, we calculated the following parameters per population: 
proportionn of polymorphic loci, mean number of effective alleles, andd observed and expected 
heterozygosity.. The GENEPOP computer package, Version 3.1 (Raymond & Rousset 1995), 
wass used to test for deviations from the Hardy-Weinberg equilibrium. We performed these 
testss for each locus in each population using an exact-test. We estimated probability values 
withoutt bias using a Markov chain method following the algorithm of Guo & Thompson 
(1992).. We used default parameters in GENEPOP for dememorization number, batches, and 
permutationss for all Markov chain tests performed. Sequential Bonferroni adjustments (Rice 
1989)) were applied to judge significance levels for all simultaneous tests in this study with an 
initiall  a level of 0.05. We estimated three summary statistics with the help of GENEPOP: 
FIT,, the correlation of genes within individuals in the entire population; Fis, the correlation of 
geness of different individuals in the same (sub) population; and FST, the correlation of genes 
off  different individuals in the same (sub) population (Wright 1951; definitions according to 
Weirr & Cockerham (1984). The FST values were tested for departure from zero by the chi-
squaree method of Workman & Niswander (1970), and inbreeding coefficients (Fis) were 
testedd by the chi-square test developed by Li & Horvitz (1953) using the computer program 
'Thèta'' (Ellis 1989). The FIT, Fis, and FST, were calculated according to Weir & Cockerham 
(1984)) F, ƒ and 6 respectively, because their method is not based on assumptions concerning 
numberss of populations, sample sizes, and heterozygote frequencies. We tested the 
associationn between genetic distance and geographical (estimates of FST) with a Mantel test, 
usingg the computer program GENEPOP 3.1. 

Statisticall  analyses of fitness-related parameters were performed with the computer 
programm Systat 5.2 (Wilkinson 1989). Prior to the analyses data were tested for normality. 
Wee used population means for most statistical to mitigate the effects of sample size. 
Associationss between population size and genetic variation, seed set, and offspring fitness 
weree analysed with regression analyses. Because Bonferroni corrections on interdependent 
fitness-relatedd variables are much too conservative, we used the approach of Benjamini and 
Hochbergg (1995) to deal with the 'false discovery rate' in these multiple tests. 

Whenn the data did not fulfil l the assumptions of parametric statistics and transformations 
didd not improve tfiis, we calculated Spearman rank correlation coefficients. We used 

partiall  correlation coefficients on the individual offspring data to examine the relationship 
betweenn population size and adult fitness measures independently of initial seedling size 
(Sokall  & Rohlf 1981). We used a multiple regression model on population means to analyse 
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effectss of genetic variation on fitness while keeping population size constant, and vice versa. 

RESULTS S 

Populationn genetic structure 
Inn general, the remaining populations of A. montana in The Netherlands were quite small 
(Tablee 1). The largest population had an estimated population size of approximately 700 
genets.. Most populations (70%) contained <100 genets, and >50% of these had very few 
genetss (1-8). Genetic variation was low. Only four of the 17 loci were polymorphic. The 
variablee loci were skd, me-2, and 6pgd-2 with two alleles and est-fi with three alleles. The 
meann proportion of polymorphic loci was 0.206. The maximum of 4/17 polymorphic loci 
(P=0.235)) was found in 17 populations (Table 1). The mean number of effective alleles over 
alll  populations was 1.170 and ranged from 1.056 to 1.259 among populations. Gene diversity 
(expectedd heterozygosity) was low (A/e=0.088), varying between populations from 0.028 to 
0.121.. The observed heterozygosity per population ranged from 0.049 to 0.157, with a mean 
off  0.093. Significant correlations were found between population size and the number of 
polymorphicc loci (Fig. 2a), the number of effective alleles (Fig. 2b) and the expected 
heterozygosityy (Fig. 2c). Observed heterozygosity was not correlated with population size 

0.3 3 

 0.2-"
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Figuree 2 a-d. The relationship of population size and measures of genetic variation for 26 populations of Arnica 
montanamontana in The Netherlands: a) percentage of polymorphic loci, b)) mean number of effective alleles, c) 
expectedd heterozygosity (gene diversity) and d) inbreeding coefficient. 
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Tablee 3. Wright's F statistics (F„  FST; F|T) at four loci in Arnica montana. 

LocusLocus Fls FST Fn 

skd skd 
6pgd-2 6pgd-2 
est-P est-P 
me-2 me-2 

0.001 1 
0.230*** * 
0.099*** * 
0.093** * 

0.108*** * 
0.147*** * 
0.157*** * 
0.145*** * 

0.109 9 
0.343 3 
0.240 0 
0.224v v 

3 3 2 2 3 3 

»»» = p<o.oi, *»*= p< o.ooi. 

(r=0.Q\9,p=Q.5Q).(r=0.Q\9,p=Q.5Q). A positive association was found between population size and the mean 
inbreedingg coefficient (Fig. 2d). Small populations showed a heterozygote excess. Due to 
smalll  sample size, we were unable to test if the excess was significant in these six small 
populations.. Out of a subtotal of 86 comparisons, 15(17%) deviated significantly from 
Hardy-Weinbergg equilibrium. Only one locus showed an excess of heterozygotes. Fourteen 
outt of 26 populations conformed to Hardy-Weinberg equilibrium at all loci (Table 2). 
Consequently,, 12 populations deviated significantly from Hardy-Weinberg equilibrium at one 
orr more loci. In three out of four loci, significant differentiation was also found within 
populationss (FB=0.104). Populations differed significantly at all four polymorphic loci, 
leadingg to an FST of 14% (Table 3). The closest geographic distances among A. montana 
populationss ranged from 0.2-7.0 km. A Mantel randomization test showed no relationship 
betweenn the geographic distance and genetic distance (p>0.05). 

Naturall  seed set and offspring fitness 

Populationn size was positively correlated with the percentage seed set (Table 4). Among the 
smallerr populations, a considerable variation in seed set was found (Fig. 3a). In some of 
thesee populations, plants produced as many seeds as plants in larger populations. Among the 
largerr populations, we observed much less variation in seed set. 

Populationn means of fruit weight, time to germination, percentage of germinated fruits, 
seedlingg size, and juvenile mortality were not correlated with population size (Table 4). 
Germinationn was nearly 100% in all populations. After the large outlier value observed in one 
off  the small populations was omitted (Fig. 3b), the association between seedling size and 
populationn size was highly significant (/r-value=23.972, r=0.828, p<0.001). After two years 
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Figuree 3a & b. The relationship between population size and a) the mean natural seed set and b) mean seedling 
sizee of Arnica montana in The Netherlands. 
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Tablee 4. Regression analysis of means of the fitness parameters in relation to population 
sizee in 14 populations of Arnica montana. 

FitnessFitness related parameters 

Floretss per capitulum 
Seedd set 
Fruitt weight 
Dayss to germination 
Germinationn (%) 
Seedlingg size 
Juvenilee mortality 
Numberr of flowering stems 
Numberr of flowering heads 
Survival(%)) after 2 years 
Flowering(%)) after 2 years 
Totall  fitness 

F-ratio F-ratio 

0.745 5 
14.641 1 
2.987 7 
0.001 1 
1.939 9 
4.668 8 
4.254 4 

13.198 8 
10.383 3 
6.660 0 
6.011 1 
7301 1 

r r 

0.058 8 
0.550 0 
0.199 9 
0.000 0 
0.139 9 
0.280 0 
0.262 2 
0.524 4 
0.464 4 
0.357 7 
0.334 4 
0.378 8 

P P 

0.405 5 
0.002 2 
0.110 0 
0.978 8 
0.189 9 
0.052 2 
0.061 1 
0.003 3 
0.007 7 
0.024 4 
0.030 0 
0.019 9 

off  growth, the mean number of flowering stems and heads per genet, survival, and total 
relativee fitness were positively correlated with population size (Table 4). Survival was 
significantlyy reduced in offspring from the smaller populations, mainly because three of the 
sixx small populations had gone extinct in their second growing year in the greenhouse. The 
partiall  correlation between population size and adult fitness characteristics, with seedling 
weightt kept constant, was r/io=0.138 (^=459; /?<0.005) for the number of flowering stems 
perr genet and r/io=0.109 (df=A59\ /KO.02) for the number of flowerheads per genet. When 
keepingg population size constant in multiple regressions, none of the fitness parameters 
measuredd was significantly related with the genetic diversity variables He and Ae. In contrast, 
correlationss with population size independent of genetic diversity remained significantly 
positivee in all cases (Table 4). 

DISCUSSION N 

Geneticc variation and population structure 

Becausee A. montana was more common in the beginning of the twentieth century, and 
becausee it is declining rapidly (see Fig. 1), we assume that genetic drift and bottlenecks are 
thee main causes for the loss of genetic variation in the small populations. Only a few studies 
off  formerly common species have documented the association between genetic variation and 
populationn size. In these studies, different genetic measures were found to be associated with 
populationn size (van Treuren et al. 1991, Raijmann et al. 1994, Fischer & Matthies 1998b, 
Youngg et al. 1999). Population size is not related to observed heterozygosity for any of these 
species.. In species with a more naturally restricted distribution, heterozygote deficits have 
beenn found in many populations (Godt et al. 1996). A decrease in observed heterozygosity 
throughh inbreeding seems less likely in perennial species, because this will take at least 
severall  generations, and many populations have not been small and isolated for such a long 
time.. Moreover, recruitment of new (inbred) individuals is currently absent in many small 
populations. . 

Alsoo in A. montana we only found a correlation between population size and expected 
heterozygosityy (gene diversity), but not with observed heterozygosity. An excess of 
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heterozygotess was found in small, but not in large populations. This is probably related to the 
factt that small populations consist of mainly adult flowering plants, most likely the survivors 
off  the formerly larger population. The relationship between plant fitness and heterozygosity 
foundd in Liatris cylindracea, (Schaal & Levin 1976) and Gentiana pneumontmthe 
(Oostermeijerr et al. 1995b) suggests that selection has favored the survival of heterozygotes 
inn small populations. In a G. pneumonanthe population, heterozygosity of flowering adults 
wass higher than that of vegetative plants (Oostermeijer 1996b). Similarly, in the rare species 
StylidiumStylidium coroniforme and Lambertia orbifolia, the fixation index decreased significantly 
fromm younger to older plants (Coates 1992, Coates & Hamley 1999). Hence, the evidence is 
increasingg that for (long-lived) perennial plants, this heterozygote advantage may be an 
importantt demographic-genetic mechanism to conserve genetic variation during population 
bottlenecks. . 

Significantt genetic differentiation was found among populations of A. montana. The same 
iss true for other threatened and rare species (Les et al. 1991, van Treuren et al. 1991, Dolan 
1994,, Raijmann et al. 1994, Godt et al. 1996, Allphin et al. 1998, Fischer & Matthies 1998b). 
Inn comparison with the GST value of 0.094 for long-lived outcrossing perennials (Hamrick & 
Godtt 1996), the FST of 0.14 found for A. montana is relatively high, suggesting that habitat 
fragmentationn has increased the differentiation. The lack of association between genetic and 
geographicall  distance supports our opinion that gene dispersal is low. Although A. montana 
hass plumed, parachute-like fruits, seed dispersal was limited in a wind tunnel experiment 
(Strykstraa et al. 1998). Pollen flow has not been studied for A. montana, but in several other 
speciess pollen dispersal was extremely limited (less than 1 km), and mainly occurred to the 
surroundingg plants (Kwak et al. 1998). 

Reproductivee success and offspring fitness 
Seedd set was positively correlated with population size in A. montana. This relationship also 
hass been found in other plant species of fragmented habitats (Jennersten 1988, Fischer & 
Matthiess 1997, Milberg & Bertilsson 1997, Oostermeijer et al. 1998). In particular this holds 
forr other rare, self-incompatible species, such as Phyteuma nigrum (Kwak et al. 1991), 
SenecioSenecio integrifolius, (Widen 1993), Asterfiircatus (Reinartz & Les 1994) and Rutidosis 
leptorrhynchoidesleptorrhynchoides (Morgan 1999). In these species, seed production depends not only on the 
pollinatorr but also on mating types. It remains unclear if seed production in small populations 
off  A. montana is reduced because of pollinator limitation or by the absence of cross--
compatiblee mates. Severe bottlenecks and lack of recruitment decrease population sizes, but 
wil ll  also affect the number of mating-types. Cross-pollination in small populations is also less 
successful,, because of possible asynchronous flowering of compatible mates in comparison to 
largee populations, where density of flowering plants is higher. A computer model by Byers 
andd Meagher (1992) showed that populations smaller than 25 individuals were unable to 
maintainn a high diversity of mating-types. More than 60% of A. montana populations have 
fewerr individuals than this. Hence, it is likely that reproduction in these small populations 
mayy therefore be seriously limited by the presence of a self-incompatibility system. 

Fruitt weight, germination, and seedling characteristics were not correlated with population 
sizee in A. montana. It is known that maternal effects have a strong effect on the development 
off  the new generation in the early life stages (Roach & Wulff 1987, Helenurm & Schaal 
1996a).. Small populations of A. montana occur mostly in dense vegetations dominated by 
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grasss species, which are indicative of higher nutrient levels (Heil & Diemont 1983). Under 
thesee environmental circumstances, possibly more nutrients are available to invest in the 
offspring.. This might explain the lack of association between population size and the 
offspringg performance in early life stages. Favorable growing conditions in the greenhouse 
mightt also have reduced the expression of any inbreeding depression. In this respect, A. 
montanamontana did not behave differently from many other outcrossing species, where the 
expressionn of inbreeding depression was greatest during seed maturation and during plant 
growthh and reproduction (Husband & Schemske 1996). Although A. montana showed a 
reducedd seed production in small populations, it is more likely that this is caused by pollen or 
matee limitation than by inbreeding depression. 

Significantt reductions in later stages of offspring performance were observed in small 
ArnicaArnica populations. This important observation has been documented only scarcely for rare 
plantt species (Menges 1991b, Oostermeijer et al. 1994, Boerrigter 1995, Heschel & Paige 
1995,, Fischer & Matthies 1998b). Others have found no relationships between population 
sizee and offspring performance (Hauser & Loeschcke 1994, Ouborg & van Treuren 1995). 

Smalll  populations of A. montana produced smaller seedlings, which experienced higher 
mortalityy rates later in the life cycle than those of larger populations. It has been shown 
experimentallyy that inbreeding can have such effects on the offspring of this species (Luijten 
ett al. 1996). In G. pneumonanthe, Oostermeijer et al. (1994) found that offspring performance 
inn later stages of the life cycle was associated with heterozygosity and not with population 
size,, while it was the reverse in early life stages. They suggested that maternal effects affected 
thee offspring until the seedling stage, and that inbreeding depression was responsible for the 
reducedd performance in the adult stage. In A, montana, however, offspring performance was 
nott associated with genetic diversity, neither in early nor late stages of the life cycle. Hence, 
wee found no evidence that inbreeding is responsible for the low performance observed. We 
measuredd genetic variation on plants in the field, which means that the statistical relationship 
withh offspring performance was not as direct as in G. pneumonanthe (Oostermeijer et al. 
1994).. Inbreeding depression can therefore not fully be excluded. On the other hand, the self-
incompatibilityy system of A. montana may have prevented strong inbreeding by maintaining 
highh outcrossing rates. In that case, inbreeding will at most be an effect of mating between 
closee relatives (Young & Brown 1999). 

AA causal relationship between population size and offspring fitness seems unlikely. It has 
beenn shown that other factors such as increased habitat acidification and eutrophication, 
whichh are possibly negatively correlated with population size, influence the growth of A. 
montanamontana as well (Dueck & Elderson 1992, Pegtel 1994, de Graaf et al. 1998). 

Implication ss for  conservation and management 
Fragmentationn and deterioration of the habitat have resulted in a rapid decline of A. montana 
inn The Netherlands. Gene flow between populations is extremely limited or even absent and 
thiss will probably not improve in the near future. Reduced levels of genetic variation, 
especiallyy in the smaller populations will affect the species' ability to adapt to environmental 
changess in its habitat. Seed production, offspring performance and survival in the smaller 
populationss were clearly reduced. Vegetative reproduction in many of the remnant 
populationss of A. montana might postpone extinction, but is essentially an evolutionary dead 
end.. In the present situation, recruitment in small populations is virtually absent (personal 
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observations).. Policy plans have been developed to stimulate recruitment (Bokeloh & van 
Zantenn 1993), but up to this moment no actions have been taken in most of the small sites. A 
majorr problem is that most of the small (and several of the large) populations are situated in 
roadd verges and on canal and railroad embankments outside nature reserves. Environmental 
stochasticity,, or rather catastrophes, are an important feature at these sites, and recently have 
ledd to several local extinctions. 

Inn a protection plan for A. montana, conservation of the few (eight) remaining large 
populationss (with >200 genets) should have priority. Unfortunately, most of these large 
populationss (six out of eight) do not have many opportunities to increase in size because they 
alsoo inhabit relatively small and isolated areas. The problems for the scattered small 
populationss are more serious. Not only do they have reduced viability, but they also occur at 
marginall  locations, prone to all sorts of stochastic events associated with recreation, military 
practicingg or (rail)road construction works. Any population reinforcement at such sites would 
bee useless if the risk of succumbing to such stochasticity is not strongly reduced. If the 
environmentall  stochasticity can be reduced, population reinforcement can be considered. 
Beforee such actions are taken, safe-sites for recruitment should be created by small-scale sod 
cutting.. Reinfor-cement can consist of augmenting the population with seeds from other, 
preferablyy viable, populations. If this is not possible, cross-pollinations with such populations 
cann be another option. However, such population reinforcements bear a certain risk of 
outbreedingg depression, although botanical information on this topic is still extremely scarce. 
Fischerr & Matthies (1997) found outbreeding depression after crossing populations of the 
raree Gentianella germanica, but in other cases only heterosis was observed (van Treuren et al. 
1993,, Oostermeijer et al. 1995a). The problem with these studies is that they have been 
performedd in the greenhouse and/or consider only the Fj generation, which renders them 
unsuitablee to detect the ecological as well as die genetic (or physiological) components of 
outbreedingg depression (Waser 1993). The main question regarding population reinforcement 
iss whether outbreeding depression would be so strong that it would outweigh the negative 
effectss of demographic inertia, low seed set and reduced offspring performance (Tecic et al. 
1998).. Experiments to answer this question are in progress. 
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Abstract:: Habitat fragmentation and small population size can strongly effect the reproductive success 
inn species depending on pollinators or cross-pollination. Most Asteraceae have a generalist pollination 
syndromee and are self-incompatible. Members of this family may suffer less from pollination limitation 
andd more from limited cross-compatible mates resulting from drift. However, pollinator limitation may 
increasee the number of self-fertile plants, but increased homozygosity associated with the higher selfing 
ratess might lower plant performance. 
Inn the rare, self-incompatible Arnica montana (Asteraceae), flower visitors and visitation rates were 
investigatedd in a large and small population. In the large population, we observed a high and a low plot 
densityy of flowering stems. In the small population one plot was studied, resembling the low density plot 
off  the large population. In the same two populations and a third large one, outcrossing rates, and the 
relationshipp between individual heterozygosity and plant size were analyzed. In eleven populations of 
variouss sizes, cultivated from seed samples, seed set after manual self-pollination was tested in the 
greenhouse. . 
ArnicaArnica montana was visited by hoverflies, 'other flies', butterflies, bees, beetles and bugs. In the large 
population,, hoverflies and butterflies were the main visitors, while 'other flies' was the dominating group 
inn the small population. All visitors carried heterospecific pollen. Hoverflies and bees bore significantly 
moree pollen and conspecific pollen than beetles and butterflies. We assume that hoverflies and 
honeybeess were the most efficient pollinators. 
Thee mean number of approaches to a genet and the number of flowerheads visited per genet were 
positivelyy correlated with the number of heads per genet, and they did not significantly differ among the 
plots.. The mean number of visits per flowerhead was independent from the number of flowerheads per 
genet.. However, the visitation rate per flowerhead was significantly lower in the high density plot than 
inn the low density plot and the small population. 
Populationn size was positively correlated with the median seed set after hand selfing, which disagrees 
withh the hypothesized breakdown of the Si-system in small populations. In all three populations, 
outcrossingg rates were high, suggesting that self-incompatibility still functions. In the small population, 
fruitss within a capitulum had on average been sired by a higher number of pollen donors. This was in 
agreementt with the higher visitation rate in that population,, but additionally suggests that mate 
availabilityy is still sufficient. Offspring performance was positively related with individual 
heterozygosity,, indicating that outcrossing is very important to maintain fitness. 

INTRODUCTIO N N 
Inn Europe, nutrient-poor ecosystems are characterized by relatively high plant species 
diversity.. Habitat fragmentation, eutrophication, and changes in land use have changed the 
speciess composition of these specific plant communities. The last decennia, many populations 
havee disappeared or declined in number and size. This makes the species vulnerable to local 
extinctionn because of genetic, demographic and environmental stochasticity (Ellstrand & 
Elamm 1993, Menges 1991a, Menges 1992). 

A A 
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Manyy formerly common obligate outcrossing plant species that rely on pollinators showed 
aa decline in seed set as populations became smaller (Les et al. 1991, Godt et al. 1996, Colas et 
al.. 1997, Morgan 1999, Oostermeijer 1999, Kéry et al. 2000, Luijten et al. 2000). In several of 
thesee species it is not directly clear whether seed production was reduced only by a lack of 
pollinatorr visits, or because of insufficient cross-compatible mates, stigma clogging with 
heterospecificc pollen, inbreeding, or direct environmental effects. Pollinators, however, are of 
primee importance for successful reproduction in many plant species. As populations become 
smaller,, the abundance and diversity of pollinators declines (Rathcke & Jules 1993, Kwak et 
al.. 1998, Steffan-Dewenter & Tscharntke 1999), and consequently plant-pollinator 
interactionss are disrupted, often leading to reduced seed set. 

Besidess being prone to reduced pollinator service, rare self-incompatible plants face 
anotherr problem concerning their reproductive success. Reduction in population size leads to 
geneticc drift, which reduces allelic diversity, including the number of S-alleles. However, in 
smalll  populations variation for S-loci may be maintained through fecundity selection 
(Vekemanss et al. 1998). Self-incompatibility systems require large numbers of S-alleles to 
preservee cross-compatibility, but computer simulations showed that small populations are not 
ablee to maintain high numbers of compatible mates (Byers & Meagher 1992, Imrie et al. 
1992)) and this will affect sexual reproduction negatively. In extreme situations, populations 
mayy consist of only a single mating type (DeMauro 1993, Wilcock & Jennings 1999). In 
severall  species, however, it was observed that the self-incompatibility system is not complete. 
Artificiall  self-pollination in natural (Luijten et al. 1996, Lipow et al. 1999) and experimental 
populationss (Byers 1995, Reinartz & Les 1994, Messmore & Knox 1997, Giblin & Hamilton 
1999)) has shown that seed set varied between individuals and among populations. Insufficient 
numberss of S-alleles and/or a lack of pollinators might give self-compatible genotypes a 
selectivee advantage (Reinartz & Les 1994). However, establishment of self-fertile genotypes 
iss only possible if inbreeding depression is low, which is unlikely in obligately outbreeding 
species.. In the rare Gentiana pneumonanthe, individual offspring performance was strongly 
correlatedd with the number of allozyme loci they were heterozygous for (Oostermeijer et al. 
1995b).. This strongly suggests that the higher levels of homozygosity associated with 
inbreedingg would reduce plant performance and increase the risk of population extinction 
(Oostermeijerr 2000). 

Inn The Netherlands, Arnica montana (Asteraceae) is an example of a formerly common 
perenniall  plant which, owing to habitat fragmentation and deterioration, is declining rapidly. 
Presently,, the species only occurs in a few large (up to 800 individuals) and many smaller 
populationss (<50 individuals). The species is largely self-incompatible and thus depends on 
pollinatorss for pollen exchange between compatible genotypes. However, we have found 
variationn among individuals in their ability to self-fertilize in a medium-sized population (c. 
2000 individuals), indicating a partial breakdown of the self-incompatibility system (Luijten et 
al.. 1996). Natural seed production is positively related with population size, but it remained 
unclearr whether this was due to insufficient pollinator service or low numbers of compatible 
matess (Luijten et al. 2000). 

Wee hypothesize that reproductive failure in small populations in species with a generalist 
pollinationn system, such as A. montana, is rather a consequence of limited mate availability 
thann of pollinator limitation. On the other hand, we expect small populations to have more 
self-compatiblee genotypes than large populations, because they would be selected for through 
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theirr higher reproductive assurance than that of self-incompatible plants. A strong positive 
relationshipp between heterozygosity and plant performance could counteract this selection, 
however.. To answer these hypotheses, we investigated the following aspects of the 
reproductivee success of A. montana: (1) In one small and one large population we roughly 
identifiedd the insects visiting the species, analysed the pollen loads on their bodies and 
determinedd their visitation rates in dense and sparse patches of flowering plants. (2) In the 
samee two populations and a third large one, we analyzed the outcrossing rate to find out to 
whatt degree selfing occurs. (3) In 11 populations of varying size that we kept in the green-
house,, we tested the ability to set seed after hand selfing. (4) The offspring, analysed for the 
outcrossingg rates, was used to determine the relationship between the number of heterozygous 
allozymee loci of individual plants and their growth performance in a common environment. 

MATERIA LL  AND METHOD S 

Thee species 
ArnicaArnica montana flowers in early summer from the end of May until early July. Each plant 
mayy have one to several flowering stems which each can produce up to seven flowerheads 
(capitula).. Flowerheads are yellow, 5-8 cm in diameter and produce nectar. The ray florets are 
femalee and the protandrous tubular florets are hermaphrodite. On the first day of flowering, 
floretss present their pollen, which is brushed out at the top by the growing style. On the 
secondd day, the stigma unfolds and exposes the two receptive lobes to pollination. Each day, 
fivee to ten florets open. The large capitula flower for an average often days. There is no seed 
bankk and germination occurs either directly in autumn or in the following spring. 

Flowerr  visitors, body pollen load and visitation rate 
Inn 1999 in the north of the province of Drenthe (The Netherlands), flower visitation was 
studiedd in one small population (Oudemolen) and one large population (Tynaarlo). Both 
populationss were situated at the foot of a railroad embankment at a distance of 2.3 km from 
eachh other. The heathland patches occupied by the populations are small (0.25 hectares) and 
aree surrounded by agricultural fields. In the small population (c. 100 genets) 38 % of the 
plantss were flowering. The large population consisted of c. 800 genets, of which 54% were 
flowering. . 

Inn the large population we staked out two plots of 2x2m2. One plot contained many flower-
headss (n=249) on 18 genets and one had fewer flowerheads (n=51) on 11 genets. In the small 
populationn only one 2x2m2plot was marked. This plot with 53 flowerheads on ten genets 
resembledd the low-density plot in the large population. We assessed which stems belonged to 
thee same genet on the basis of phenotypic similarities in hairiness, ray floret shape, etc. 

Observationn time was 15 minutes per plot and each plot was observed once per hour. If 
twoo observers were available, simultaneous observations were made in both populations. The 
observationss were made during peakk flowering from June 15 until June 25 between 9.00 and 
18.000 h. Each plot in population Tynaarlo was observed 35 times while the number of 
observationss on the plot in population Oudemolen was 45. This difference was corrected for 
inn the data analysis. 

Genetss in the plots were numbered and the flowerheads with open florets were counted 
beforee each observation. When an insect entered the plot, we identified it to family/order level 
andd recorded every transition it made between the flowerheads and genets. In this way, we 
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Tablee 1. Total numbers of observed flower visitors per insect group and the mean number of flowerheads visited 
perr observation period for the plots Oudemolen, Tynaarlo HD (high-density of flowerheads), and Tynaarlo LD 
(low-densityy of flowerheads). Different letters indicate significant differences in number of insects 

InsectInsect groups (mainly observed species) 

Hoverfliess (Helophilus, Eristalis and Meredon spp.) 
Butterfliess {Maniolajurtina) 
Otherr flies 
Beetless (Oedemera sp.) 
Solitaryy bees (Lasioglossum sp.) 
Honeybeess (Apis melliferd) 
Bumblebeess (Bombus sp.) 
Bugss (Miridae) 

Totall  number of individuals 

Oudemolen Oudemolen 

655 a 
144 a 

1422 a 
599 a 
2 2 

54 4 
2 2 

42 2 

380 0 

TynaarloTynaarlo HD 

513b b 
1400 b 
466 b 
14b b 
6 6 

720 0 

TynaarloTynaarlo LD 

2711 c 
588 c 
388 b 
8b b 

6 6 

381 1 

heads/visit heads/visit 

3.8 8 
2.3 3 
1.3 3 
1.2 2 
1.3 3 
6.4 4 
1.5 5 
1.0 0 

obtainedd information about the movements between genets, the number of flowerheads visited 
perr genet, and the number of visits per genet for each insect group. In between observation 
periods,, pollen loads were collected with a piece of sticky gel from the bodies of various 
insectss groups visiting A. montana (Kearns & Inouye 1993). Per sample, the numbers of 
pollenn grains of A. montana and other plant species were counted. Fortunately, A. montana 
wass the only flowering species belonging to the subfamily Asteroideae, so that its pollen 
couldd be distinguished from the co-flowering Asteraceae, which belonged to the other 
subfamilyy (Moore et al. 1991). 

Outcrossingg rate, seed samples and starch gel electrophoresis 

Inn two large populations of c. 400 flowering genets (Tynaarlo and Buinerveld 4) and one 
smalll  population of c. 40 flowering genets (Oudemolen), ripe flowerheads were collected to 
determinee the population outcrossing rates. The number of open pollinated heads sampled, 
differedd among populations. In population Oudemolen we sampled 11 flowerheads, 19 heads 
inn population Buinerveld 4, and 30 heads in population Tynaarlo. Per collected flowerhead, 
300 viable seeds were germinated and plants were raised in the greenhouse at 20°C and a 13:11 
hh light:dark ratio. Allozyme analysis at four loci (est-p, me-2, 6pgd-2 and skd), as previously 
describedd in Luijten et al. (2000; Chapter 3), was conducted on the raised offspring. 

Plantt  performance and heterozygosity 

Too analyse the relationship between plant size and the number of heterozygous loci, a subset 
off  the plants used for the outcrossing analysis was measured after they had grown for six 
monthss under equal conditions in the greenhouse, in a randomized order. We estimated plant 
sizee from the product of the total number of leaves, and the length and the width of the largest 
leaf.. We measured 30 randomly chosen plants for each heterozygosity class (0-4), which was 
basedd on the number of allozyme loci that were heterozygous. During the selection of plants 
forr the analysis we did not consider the population origin of a plant. However, because the 
threee populations were equally well represented in the sample, we also decided to test whether 
thee relationships were similar among populations. 

Abilit yy for  self-fertilization in relation to population size 

Artificiall  self-pollination was performed on plants in the greenhouse cultivated from seed 
sampless of 11 natural populations of various size. Details about sampling, germination, and 
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cultivationn of the plants are described in Luijten et al. (2000; Chapter 3). Per genet, one 
flowerheadd was selfed by manually brushing pollen over the stigmas, avoiding cross-
contamination.. Flowerheads were treated several times to increase the chance that all open 
floretsflorets in a flowerhead were self-pollinated. After three weeks, ripened capitula were 
collected.. Developed and undeveloped fruits were counted. Developed fruits could easily be 
distinguishedd from undeveloped ones because in A. montana the former are black and hard 
andd the latter whitish and soft. Their sum was taken as the total initial number of florets per 
capitulumm to calculate the percentage seed set. 

Dataa analysis 
Too equalize variances and achieve normally distributed residuals in regressions, several 
variabless were transformed prior to analysis. Differences in the frequency distribution of 
flowerr visitors in the plots were tested with a Pearson's chi-square test. Differences between 
insectt groups for the total number of insect pollen grains, the number of conspecific pollen 
grainss and the proportion of A. montana pollen were tested with an one-way ANOVA. The 
totall  number of pollen grains and the number of conspecific pollen grains were log-
transformed,, while the percentages of pollen were square root transformed. Differences 
betweenn plots in visitation parameters (number of approaches to a genet, the number of heads 
visitedd per genet after an approach, and the number of visits per flowerhead) were tested with 
ann one-way ANOVA as well. Regression analysis was used to test the relationships between 
(1)) the above mentioned flower visitation parameters and the number of flowerheads per 
genet,, (2) the relationship between population size (flowering genets) and the mean 
percentagee of seed set after hand selfing, and (3) the relationship between the number of 
heterozygouss loci and plant size. Prior to analysis, the number of flowers and population size 
weree log-transformed and percentage seed set was square-root transformed. 

Estimationn of mating system parameters was done with the computer program MLTR 
(Ritlandd 1996). Maximum likelihood estimates of single-locus (/s) and multilocus (tm) 
outcrossingg rates were calculated following the mixed-mating model with maternal genotypes 
inferredd from progeny arrays (Brown & Allard 1970). Correlation of outcrossed progeny 
withinn arrays (the probability that individuals from the same maternal family share the same 
father),, was calculated following Ritland's (1989) progeny pair model. For the calculation of 
estimatess the Expectation-Maximization (EM) method was used, because family outcrossing 
ratess estimates were greater than one (K. Ritland pers. comm.). Standard errors for estimates 
off  ts, tm, and rp were based on 500 bootstraps with resampling among mother plants. To test if 
outcrossingg rates were significantly different from zero, we calculated the associated 
confidencee intervals. 

RESULTS S 

Frequenciess of flower visitors 
Thee spectrum of flower visitors in the small population Oudemolen (Table 1) differed 
significantlyy from both plots in the large population Tynaarlo (Pearson chi-square =751.5; 
pO.001).. The largest group of visitors in the small population was 'other flies' (37%), which 
comprisedd mainly a variety of small black flies. The second group consisted of several species 
off  different insect orders with similar frequencies: hoverflies (17%), beetles (16%), honey-
beess (14%), and bugs (11%). Butterflies were seen infrequently (4%) and bumblebees and 
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solitaryy bees only rarely (<1%). In the large population, fewer insect groups were seen. The 
mainn visitors were several species of hoverflies (71 %), followed by butterflies (19%). The 
groupp 'other flies' visited A montana only occasionally (appr. 8%). Solitary bees and beetles 
weree rarely seen (<2%). The number of hoverflies and butterflies was significantly largest in 
thee high-density plot, intermediate in the low-density plot and lowest in the small population 
Oudemolenn (Table 1). Hoverflies, butterflies, honeybees, and bumblebees made more 
transitionss between flowerheads than solitary bees, beetles, other flies, and bugs. In 
populationn Tynaarlo  90% of the visitors moved actively between flowerheads, whereas this 
wass only 36% in population Oudemolen. In this population the majority of flower visitors 
visitedd only a single flowerhead during an observation period. 

Insectt  pollen loads 

Al ll  examined insect species carried heterospecific pollen. The total number of pollen grains 
(Tablee 2) differed significantly among the four main insect groups (F3,26=13.255;pO.OOl). 
Thee total number of pollen grains on hoverflies and bees was significantly higher than on 

Oudemolen n Tynaarloo (HD) Tynaarloo (LD) 

a)a) Number of approaches to a genet 

5_15=1.33*0.155 0=0.536, p=0.016) __ 1=1.24*0.20 0=0.721,psO.001) 

|| I . ' 
##

,, 0=0.624, p=0.004) 

t : : 

b)b) Number of heads visited per genet per approach 

22 5 8 ((=0.528, p=0.017) 

bb 2.0-1 

II  1-5 
c c 

1.0 0 
0.5 5 

.. : « 

88 (f=0.808,ps0.001) 

 J 

88 (n=0.734,p=0.001) 

c)c) Number of visits per flowerhead 

1.55 _ 7 (/=0.376, p=0.059) 

1.0 0 

0.5 5 

0.0 0 

o.o o 

!V V 
II I -

0.4 4 
- 11 1 

1.2 2 

logg (heads/genet) 

22 (^O.O01,p=O.885) 

 %:". w 
0.00 0.5 1.0 1.5 2.0 

logg (heads/genet) 

66 0=0.012,/>=0.746) 

* : : 

0.00 0.2 0.4 0.6 0.8 1.0 

logg (heads/genet) 

Figuree 1 a-c. The relationships of the pooled insect groups between the number of inflorescences per genet and 
a)) the number of approaches to a genet, b) the number of heads visited per genet per approach and c) the number 
off  visits per head for the three plots in Arnica montana. Visitation parameters are given per observation period 
(155 min). Each graph shows the mean value (x) and standard error. In parentheses the correlation coefficients 
withh their significance level are given. 
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Tablee 2. Mean numbers of total pollen grains, conspecific pollen grains and percentage Arnica montana pollen 
grainss collected from the bodies of insect groups. Insect species are grouped at order level and are pooled over 
thee two populations. Different letters (superscript) in column indicate significant differences 

InsectInsect groups 

Hoverflies s 
Bees s 
Butterflies s 
Beetles s 

n n 

19 9 
5 5 
4 4 
2 2 

totaltotal grains 

17811 a 

727* * 
933 b 

577 b 

(range) (range) 

(147-4198) ) 
(166-1561) ) 
(15-139) ) 
(33-80) ) 

## Arnica grains 

9288 a 

3755 * 
77 c 

133 te 

(range) (range) 

(40-3102) ) 
(18-1447) ) 
(3-15) ) 
(11-14) ) 

%% Arnica 

44% % 
34% % 
17% % 
25% % 

Tablee 3. Total flowerhead visitation specified for the individual insect groups per plot in Arnica montana (a) 
meann number of genets visited per plot visit, (b) maximum number of genets visited per plot visit, (c) mean 
numberr of visits per flowerhead 

InsectInsect groups 

Hoverflies s 
Butterflies s 
Otherr flies 
Beetles s 
Solitaryy bees 
Honeybees s 
Bumblebees s 
Bugs s 

Total l 

Oudemolen Oudemolen 

a a 

2.77  0.3 
1.88 3 
1.22 0 
1.11 1 
1 1 
3.77  0.5 
1 1 
1 1 

b b 

16 6 
5 5 
2 2 
4 4 
1 1 

18 8 
1 1 
1 1 

c c 

7.77 0 
0.77  0.3 
3.88 9 
1.99 4 

<0.1 1 
7.44 1 
0.11 1 
0.66  0.3 

22.33 1 

Tynaarlo Tynaarlo 

a a 

2.33  0.2 
2.00  0.2 
1.11 0 
1 1 
1.66 4 

b b 

12 2 
14 4 
2 2 
1 1 
3 3 

HD HD 

c c 

6.22  0.6 
1.99 3 
1.33 2 
0.11 0 
0.11 1 

9.66 1 

a a 

2.55 1 
1.55 2 
1.11  0.1 
1.22 2 
1.22 2 

TynaarloTynaarlo LD 

b b 

11 1 
5 5 
2 2 
2 2 
2 2 

c c 

19.44 7 
1.11 3 
1.00 2 
0.22 1 
0.22 1 

21.99 8 

beetless and butterflies. Differences existed also in the number of conspecific pollen grains 
(^3,26=15.321,, /KO.001). Hoverflies and bees carried more conspecific pollen than butterflies 
andd beetles. Butterflies and beetles carried similar low amounts of conspecific pollen. The 
totall  conspecific number of pollen grains sampled from the body varied largely among 
individualss within insect groups, especially for hoverflies and bees. The percentage of A. 
montanamontana pollen grains was not significantly different between the four main groups (ANOVA 
^3,26^2.669,^=0.066),, although the percentage on butterflies was marginally significantly 
differentt from that carried by hoverflies (Tukey HSD multiple comparison, p=0.053). 

Flowerr  visitation and the number  of flowerheads 
Too qualify the relationships between the number of flowerheads and the different visitation 
ratee parameters, insect groups were pooled. In the three plots, positive relationships were 
foundd between the number of flowerheads and the number of approaches to a genet (Fig 1 a), 
andd the number of flowerheads visited per genet after an approach (Fig lb). However, the 
numberr of visits per flowerhead was independent from the number of flowerheads per genet 
(Figg lc). No significant differences were found between plots for the number of approaches to 
aa genet (F2,36=0.119, p=0.888) and the number of flowerheads visited per genet after an 
approachh (F2,36=2.101,/T=0.105). However, visitation rate per flowerhead differed 
significantlyy between plots (F2,36=14.391, p<0.001). Flowerheads in the low-density plot and 
thee small population received twice as many visits as those in the high-density plot (Fig. lc). 

Sincee flower visitor spectra differed between populations, we partitioned several flower-
headd visitation parameters by insect group. In the large population Tynaarlo, hoverflies 
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Tablee 4. Mean seed set and mating system estimates and standard errors of two large populations (Tynaarlo and 
Buinerveldd 4) and one small population (Oudemolen). (7„,=multilocus outcrossing rate, ;,=single-locus 
outcrossingg rate, J„,-?,=multiIocus minus single-locus outcrossing rate, r,,=paternal correlation of outcrossed 
progenyy and \lrp=  estimate of the average paternal size of the mating pool. 

Population Population 

Oudemolen n 
Tynaarlo o 
Buinerveldd 4 

seedseed set 

5 5 
2 2 
4 4 

t,„ t,„ 

0 0 
6 6 
0 0 

'., , 
9 9 
5 5 
1 1 

tm-ts tm-ts 

8 8 
3 3 
2 2 

rrP P 

4 4 
5 5 
9 9 

l/rl/rp p 

5.6 6 
3.1 1 
3.6 6 

showedd the highest contribution to the visitation per flowerhead (Table 3), and also the 
highestt frequencies. In the small population the visitor group 'other flies' had the highest 
frequencyy (34%), but their contribution to the total visitation per flowerhead was only 18%. 
Moreover,, they only visited 1.2 genet per observation period. In this population, hoverflies 
andd honeybees, together 31% of the total visitors, showed the highest contribution to the total 
visitationn rate (67%). 

Outcrossingg rates 

Seedd set was high in all populations. All three populations showed high outcrossing rates 
(Tablee 4) which were not significantly different from one. Differences between multilocus 
andd single-locus outcrossing rates were negligible in the populations. The correlated paternity 
(thee probability that sibs share the same father) was lowest in the small population. Here, the 
estimatedd number of fathers that contributed to the offspring was twice as high in Oudemolen 
ass in the two larger populations Tynaarlo and Buinerveld 4. 

Plantt size, pooled over the three populations, was positively correlated with the number of 
heterozygouss loci per individual (r2=0.15, Fi, i32=23.3,;?<0.001). Within each population, 
similarr significant relationships were found between plant size and the number of 
heterozygouss loci, although the slope of the regression line was smaller in population 
Buinerveldd 4 (Fig. 2). 

250 0 

200 0 

ISO--

'SS § 100 

50' ' 

0JJ r-
0 0 

-- Tynaarlo (F[  51=18.8, p<0.001) 
-- Oudemolen (F, 29=5.7, p=0.024) 
-- Buinerveld4(F,48=5.3, p=0.026) 

11 2 3 

Numberr of loci heterozygous 

Figuree 2. The relationship between plant size and the number of heterozygous loci in three populations of 
ArnicaArnica montana. 
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Thee abilit y for  selfing in relation to population size 
Seedd set after manual self-pollination (an indicator of self-compatibility) was generally low in 
alll  populations, ranging from 4.3 % in the small to 14.8% in the large populations. However, 
inn all populations variation among individual plants was found. This variation was most 
pronouncedd in the larger populations, where some individuals showed a remarkably high seed 
sett of more than 70% (Fig 3). Completely self-fertile plants were absent in the smaller 
populations,, but they occur in relatively low frequencies in the large populations. The average 
self-compatibilityy was positively correlated with population size (Fig. 4). 
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Figuree 3. The distribution of seed set after hand selfing arranged from small to large populations of Arnica 
montana.montana. In parentheses several measures of population size are given (total number of ramets, genets and 
floweringg genets, respectively). 
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Figuree 4. The relationship between the self-
fertilit yy rate and the number of flowering 
genetss per population in Arnica montana. 
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DISCUSSION N 

Thee flower visitors and their  pollination potential 
Asteraceaee are known to be visited by a large variety of insects (Proctor et al. 1996). In The 
Netherlands,, A. montana was visited by several species of hoverflies, some (small) flies, 
butterflies,, honeybees, bumblebees, solitary bees, beetles, and bugs. All examined flower 
visitorss carried heterospecific pollen and the total pollen load varied considerably between 
species.. Combining their pollen load with visitation rates and relative frequencies, we 
assessedd their potential as an effective pollinator. Deposition of pollen on the stigma or seed 
sett after a single visit, however, is a better measure of estimating pollinator efficiency (Motten 
1983,, Herrera 1987, Kearns & Inouye 1994), but these parameters are difficult to study in 
Asteraceae. . 

Inn general, bee species are considered to be the most effective pollinators, because they 
carryy large amounts of pollen and also deposit many pollen grains on stigmas (Herrera 1987, 
Kwakk 1993, Kwak & Velterop 1997, Mahy et al. 1998). However, bumblebees and solitary 
beess were rarely present in both our study populations, probably because the diversity of 
floweringg plants in the vegetation was low or nesting abilities were scarce. In this study, large 
hoverfliess and honeybees carried the highest proportion of conspecific pollen, were present in 
largee numbers, and visited many different genets per foraging bout in the plot. This makes 
themm potentially the most effective pollinators within the flower visitor assemblage of A. 
montana.montana. Honeybees, however, were only observed in the small population, probably because 
off  the presence of a beehive in the direct vicinity. Their role as a natural pollinator is rather 
unpredictablee if their visitation depends on the presence of a beehive. 

Butterfliess also visited many genets, but their frequencies as well as conspecific body 
pollenn loads were rather low. We might have underestimated their pollen load, because the 
longg proboscis was not unrolled to sample the adhering pollen (Proctor et al. 1996). However, 
duringg nectaring, their bodies were positioned high above the florets, so pollen adherence 
fromm the anthers and subsequent deposition on the receptive stigmas seemed unlikely. We 
thereforee assume that butterflies contribute relatively little to the pollination of A. montana. 
Thee role of butterflies as pollinators varies greatly. They are either classified as poor 
(Jennerstenn 1984, Kwak & Velterop 1997, Mahy et al. 1998), or as important pollinators 
(Herreraa 1987, Conner et al. 1995). 

Pollenn loads on beetles were also rather small. Moreover, they spent most of the time on a 
singlee flowerhead, which makes them poor pollen vectors. Similar observations hold for bugs 
andd small flies. Little is known of the pollination potential of beetles, bugs, and 'other (small) 
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flies'.flies'. Beetles, in general, are not considered very important flower pollinators in cool-
temperatee climates, although flower-visiting beetles are more active than many other beetles 
(Proctorr et al. 1996). Velterop (2000) found low pollen deposition and high residence times 
forr small flies on Scabiosa columbaria. Hence, we assume that, at least in the studied Dutch 
populations,, beetles, bugs, and 'other (small) flies' play a minor role as pollinators of A. 
montana. montana. 

Flowerr  visitation rates 
Inn the large population, plants with many flowerheads at a high density attracted more visitors 
thann plants with few flowerheads at a low density. Plants in the small population attracted 
similarr numbers of visitors as the low-density plot in the large population. The number of 
headss visited after an approach increased with the number of heads per genet in both 
populations.. Our results largely agreed with many other studies, if we consider the pollination 
unitss flowerheads to be similar to flowers (e.g., Schmitt 1983, Klinkhamer & de Jong 1990, 
Dreisigg 1995, Robertson & Macnair 1995, Kunin 1997, Brody & Mitchell 1997, Goulson et 
al.. 1998, Ohashi & Yahara 1998, Bosch & Waser 1999). However, the number of flowers 
visitedd by a pollinator did not increase proportionally with inflorescence size. This will either 
resultt in a decline in visitation per flower (Schmitt 1983, Klinkhamer & de Jong 1990), or the 
numberr of visits per flower remains constant as inflorescence size increases (Dreisig 1995, 
Robertsonn & Macnair 1995, Brody & Mitchell 1997, Ohashi & Yahara 1998). The 
relationshipss between flower density and visitation rates were less clear. Visitation rates were 
foundd to be either independent of plant density (Klinkhamer & de Jong 1990, Dreisig 1995, 
Boschh & Waser 1999), increasing with flower density (Thomson 1981, Campbell & Motten 
1985),, or declining with flower density (Sowig 1989, Kwak 1994). The number of visits per 
flowerheadflowerhead in A. montana was also independent of the number of flowerheads per genet in the 
threee plots. However, visitation rate per flowerhead was twice as low in the patch with many 
flowerheads.flowerheads. The plot in the small population received a similar number of visits per 
flowerheadd as the low-density plot. In these plots, genets are small (fewer flowerheads) and 
scattered,, so insects have to visit more of them to obtain similar amounts of food. As a result, 
insectss have to switch more between genets and revisit the same genets more often in the 
smalll  population. Each visit is an opportunity to receive outcross pollen, because selfing is 
geneticallyy prevented in most individuals of A. montana. An increase in the number of visits 
perr flowerhead will therefore increase the chance of receiving pollen from a compatible mate. 
Genetss with many flowerheads received fewer visits per flowerhead and the probability that 
thee same flowerhead is revisited is lower than in plants with few heads. 

Capabilityy of selfing and plant performance 
Inn several self-incompatible species, variation in the degree of self-compatibility is found 
amongg individuals (Cabrera & Dieringer 1992, Byers 1995, Luijten et al. 1996, Vogler et al. 
1998,, Lipow et al. 1999, Young & Brown 1999, Hiscock 2000), but so far it has been scarcely 
examinedd in relation to population size. A bagging experiment in the self-incompatible 
TrolliusTrollius europaeus showed that differences in autogamous seed set were found among 
individuals,, but the proportion of self-fertile individuals was not related to population size 
(Brattelerr & Widmer 1998). Although this shows that T. europaeus is self-compatible, the 
experimentt was not appropriate for testing variation in self-incompatibility, as there may have 
beenn variation in the rate of auto-deposition as well. In A. montana, auto-deposition is always 

51 1 



CHAPTERR 4 

low,, but seed set after manual selfing varied among individuals (Luijten et al. 1996). In the 
presentt study, plants showing a high level of self-compatibility (seed set after manual selfing 
>70%)) were only found in the larger populations. The positive correlation between the 
proportionn of self-compatible plants and population size does not support the hypothesis that 
selectionn has led to higher frequencies of self-compatible plants in small populations (cf. 
Reinartz&Less 1994). 

Increasess of the frequency of selfing genets may be inhibited in a self-incompatible species 
likee A. montana, because selfing will probably expose high levels of genetic load. The genetic 
populationn structure observed in an earlier study did not indicate a long history of inbreeding 
(Luijtenn et al. 2000). The positive relationship between plant performance and individual 
heterozygosityy that we observed suggests that more homozygous plants had lower growth 
ratess and therefore might have lower survival, especially under field conditions. Similar 
relationshipss have been found in the perennial species Gentiana pneumonanthe (Oostermeijer 
ett al. 1995) and Liatris cylindracea (Schaal & Levin 1976). Inbreeding depression may 
thereforee form a constraint on the increase of self-compatible individuals in the case of 
significantt turnover rates in the declining populations. On the other hand, the lower 
proportionn of self-compatible genets in small populations might be a result of their 
eliminationn by drift, because they occurred in relatively low frequencies in the formerly large 
populations.. The high proportions of heterozygous individuals in small populations (Luijten et 
al.. 2000) and the relationship between heterozygosity and plant performance support our 
hypothesiss that heterozygous individuals may have had higher survival during the decline of 
thee populations. Drift thus may be the more likely scenario explaining the low proportions of 
self-compatiblee genets in small populations. 

Outcrossingg rates 

Frequenciess of self-compatible plants were relatively low in the large populations, but despite 
variablee self-compatibility, the species appeared to be highly outcrossing in both small and 
largee populations. Deposition of self-pollen besides cross-pollen is obvious on self-
incompatiblee plants, because visitors change frequently between genets, but also revisit them. 
Inn many (partly) self-compatible species is shown that cross pollen tubes grew faster than self 
pollenn (Watkins & Levin 1990, Stephenson et al. 2000), which will result in a progeny that is 
predominantlyy sired by outcross-pollen, like we found in A. montana. Or, perhaps we did not 
samplee heads from self-compatible plants, simply because they occur in relative low 
frequencies. frequencies. 

Highh outcrossing rates and seed set showed that sufficient numbers of different S-alleles 
weree still present in the small and large populations. Different S-alleles can be preserved in 
smalll  populations, because the self-incompatibility system itself maintains S-alleles through 
fecundityy selection (Vekemans et al. 1998). However, if population turnover remains absent, 
whichh is often the case in declining populations, genetic drift eventually reduces mate 
availability.. Variation in seed set among years in the small population (Luijten, Karmelk, van 
Mourikk & Oostermeijer, unpublished data) suggests that the effective mate availability is less 
inn some years than in large populations. 

Thee relatively low value of correlated paternity in the small population in comparison to 
bothh large populations was striking, because small populations are expected to have fewer S-
alleless than large populations. However, in other studies the opposite was found, where the 
offspringg in small populations was sired by fewer fathers, and by more in large populations 
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(Youngg & Brown 1998, Young & Brown 1999). An obvious explanation may be the higher 
visitationn rates per flowerhead and the larger number of genets visited in the small population 
inn comparison to the large one. In this respect, it seems more advantageous to have fewer 
headss per individual plant, because it increases not only the number of fathers, but it also 
increasess the number of S-alleles sampled from the total mating pool. In the large population, 
wheree the total number of different S-alleles is expected to be larger, the effective mating pool 
wass smaller. Hence, the observed difference in paternal correlation rather seems a reflection 
off  the foraging behaviour of the visiting insects than of the number of mating types. 

Populationn size and density influence search patterns of flower visitors (Goulson 1999). In 
aa small population with sparsely distributed plants, foragers are likely to adopt a non-random 
foragingg pattern. They will visit nearly every flowering individual, because the reward per 
plantt is low. In the large population, where plants occur at different densities, patches with 
manyy flowers attract more visitors. In these patches, random search patterns are impossible, 
soo genets are more likely revisited than in a sparse population. Also the difference in foraging 
behaviourr between honeybees and hoverflies may contribute to the difference in correlated 
paternity.. Honeybees are known for their ability to forage systematically, but this behaviour 
hass not yet been documented in hoverflies. They could have played an important role in the 
observedd high correlation of paternity in the progeny. 

Inn conclusion, A. montana has a generalist pollination system. Hoverflies and honeybees 
weree potentially the most effective pollinators. Despite variation in self-incompatibility 
betweenn individuals, especially in the large populations, high outcrossing rates were found. 
Outcrossingg is important, because low heterozygosity is likely to result in lower offspring 
performancee which will reduce population fitness. Small populations are still highly self-
incompatiblee and thus highly pollinator dependent. We have not found direct indications that 
matee or pollinator availability is low in the small population. However, highly variable seed 
sett among years in this small population (Luijten, Karmelk, van Mourik & Oostermeijer, 
unpublishedd data), suggests that mate availability is not always guaranteed. In addition, the 
lowerr number of flowerheads per plant in sparse populations seems to be an advantage, 
becausee it increases the chance of mating with another compatible plant, but then only if 
sufficientt numbers of pollinators are present. 
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Abstract:: Genetical reinforcement of small populations by adding seeds or individuals from other 
populationss may be an important management tool to prevent threatened plant species from extinction. 
However,, a negative consequence of mixing gene pools might be the reduction of plant fitness as 
coadaptedd gene complexes are disrupted. In the declining, self-incompatible perennial Arnica montana 
(Asteraceae),, we analysed the demographic consequences of inbreeding and outbreeding in five 
populationss of varying size. We analysed seed production and fruit weight following the pollination 
treatments.. From 1997 to 2000, plant growth, survival and flowering were monitored on plants 
introducedd as seeds and as four-week old seedlings in a field experiment. 
Reducedd seed set after selfing was due to self-incompatibility. There was significant heterosis for seed 
sett after inter-population crosses, probably due to low mate availability, in one of the small populations. 
Significantt but low inbreeding depression was observed for growth rates of plants introduced as 
seedlings.. We found significant heterosis for flowering probability of plants introduced as seeds, but for 
plantss introduced as seedlings, heterosis for seedling size and flowering probability was only marginally 
significant.. Although no outbreeding depression was observed in the F|, it may still be expressed in the 
forthcomingg generations as recombination of genes start to break up the coadapted gene complexes 
associatedd with local fitness. It is not clear to what degree the observed heterosis may outweigh this 
outbreedingg depression. Nevertheless, considering the rapid decline of A. montana in The Netherlands, 
geneticall  reinforcement of the numerous small populations may be more important than the possible 
negativee consequences of outbreeding depression. 

INTRODUCTIO N N 
Changess in land-use, land reclamation, and habitat deterioration have led to the decline of 
manyy plant species. During these processes, populations became smaller and many were 
eliminatedd altogether, increasing the degree of isolation of the remaining ones. Ecological 
habitatt restoration is an important measure with the aim to reestablish populations of 
(threatened)) target species. However, the regeneration of such species may fail for other 
reasonss than just the unsuitability of abiotic conditions. 

Manyy formerly widespread plant species are suffering from low reproductive success in 
smalll  and isolated populations (for a review, see Oostermeijer et al. 2000). In fragmented 
landscapes,, plant species may experience pollen limitation, due to reduced insect diversity 
andd abundance (Rathcke & Jules 1993, Kwak et al. 1998, Steffan-Dewenter & Tscharntke 
1999).. In species with a sporophytic self-incompatibility system, small population size may 
havee resulted in a loss of S-alleles due to drift, reducing cross-compatibility (DeMauro 1993, 
Reinartzz & Les 1994, Morgan 1999, Wilcock & Jennings 1999, Luijten et al. 2000). Besides 
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loww reproductive performance, reduced offspring fitness, observed in a number of declining 
plantt species, (Oostermeijer et al. 1994, Fischer & Matthies 1998a, Kéry et al. 2000, Luijten 
ett al. 2000), may also constrain the regeneration of the small populations. 

Ass populations become smaller, theory predicts that genetic drift causes a loss of genetic 
variationn and an increase of homozygosity as alleles drift to fixation. Furthermore, small 
populationn size enhances biparental inbreeding or, if genetically possible, selfing. Both modes 
off  reproduction lead to inbreeding depression, i.e., the reduction of fitness by increased 
homozygosityy (Charlesworth & Charlesworth 1987). The magnitude of inbreeding depression 
iss dependent on the mating system and the number of generations of inbreeding (Husband & 
Schemskee 1996). Inbreeding depression, mostly observed in predominantly outcrossing 
species,, could limit the regeneration of small populations despite optimal habitat conditions 
(Oostermeijerr 2000). 

Immigrationn of genes, as pollen or seeds, could counteract losses of genetic variation and 
loww levels of heterozygosity. However, genetic divergence among populations observed in 
manyy declining species implies that gene flow is low (Les et al. 1991, van Treuren et al. 1991, 
Dolann 1994, Raijmann et al. 1994, Godt et al. 1996, Fischer & Matthies 1998b, Luijten et al. 
2000).. Gene exchange is currently reduced in the actual human-influenced landscape, because 
pollinatorr movements have become restricted (Westerbergh & Saura 1994, Kwak et al. 1998) 
andd the diversity of dispersal processes of plants, associated with traditional farming, has 
diminishedd (Fischer et al. 1996, Poschlod & Bonn 1998). Regeneration from soil seed banks 
couldd be an important buffer against genetic impoverishment, but this does not hold for 
speciess with a transient seed bank. Consequently, the natural regeneration of small, 
fragmentedd populations or establishment of new populations has become complicated. By 
artificiallyy adding seeds or plants from other populations, population size and genetic 
variationn could be increased. 

Thee main concern of adding individuals from one population to another is outbreeding 
depression,, which is the reduction in offspring performance relative to the parents when 
spatiallyy separated and genetically differentiated gene pools are mixed (Dudash & Fenster 
2000).. There are two major causes underlying outbreeding depression, an ecological and a 
geneticall  (or physiological) explanation. (Templeton 1986, Dudash & Fenster 2000). The 
ecologicall  explanation is based on the mixing of gene pools of populations that are adapted to 
thee local environment. Crosses between differentiated populations will result in an offspring 
thatt is adapted to neither of the parental environments. The genetical explanation is the 
disruptionn of coadapted gene complexes that have evolved in either population irrespective of 
thee environment, such as for instance the epistatic interactions among loci that enhance plant 
fitness.. The opposite of outbreeding depression is heterosis, which is an increase of fitness 
relativee to the parents after hybridisation, as a consequence of increased levels of 
heterozygosity.. The heterosis effect may balance or outweigh outbreeding depression (Fenster 
&&  Dudash 1994). Hence, adding genes from other populations might be a serious option to 
restoree the viability of genetically depauperate populations of fragmented species. However, 
iff  outbreeding depression is associated with strong local adaptation, inter-population crosses 
mayy reduce offspring performance dramatically. Artificial gene flow to maintain genetic 
variationn and counteract the negative effects of inbreeding depression has been studied 
extensivelyy in captive and natural animal population, but is still largely unexplored for 
decliningg plant species (Storfer 1999). 
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Recentt studies on population viability of the rapidly declining, self-incompatible perennial 
plantt Arnica montana L. (Asteraceae) in The Netherlands, have found that small population 
sizee was associated with reduced seed set, offspring fitness and genetic variation (Luijten et 
al.. 2000). With the ongoing decline, the species has a very limited evolutionary perspective 
andd reinforcement of the genetically depauperate and small sized Arnica populations needs to 
bee considered if this species is to be preserved in The Netherlands. 

Thee aim of this study is to quantify the demographic consequences of inbreeding and 
outbreedingg on plant performance of A. montana. Pollination treatments were conducted in 
fivefive populations of various sizes. As fitness parameters, we first measured numbers and 
weightt of the seeds resulting from the experimental treatments. From 1998 until 2000, plant 
growth,, survival, and flowering probability were determined in the field experiment. Two 
groupss of offspring plants were analysed: plants that were sown directly into the field and 
plantss that were planted out as small seedlings. 

Wee realize that due to the long life span of A. montana, this experiment cannot fully detect 
thee genetic consequences of outbreeding that will be expressed mainly in later generations. 
Nevertheless,, it may yield important information on inbreeding, heterosis and the suitability 
off  different introduction methods. 

MATERIAL SS AND METHOD S 

Studyy species 
ArnicaArnica montana L. (Asteraceae) is a rosette-forming perennial of nutrient-poor grasslands and 
dryy heathlands. Its main distribution lies in mountainous regions of Central Europe (Hulten & 
Friess 1986). The species reproduces sexually with seeds and vegetatively by means of short 
undergroundd rhizomes. Flowering occurs in early summer, from the end of May until early 
July.. Each plant may have one or several flowering stems which can produce up to seven 
yellow,, nectariferous flowerheads. The species is highly self-incompatible (Luijten et al. 
1996)) and is visited by many different insects, but predominantly by hoverflies and various 
bee-speciess (Chapter 4). There is no persistent seed bank (Thompson et al. 1996); germination 
occurss either directly after seed-shedding in autumn or in the following spring. 

Habitatt fragmentation, eutrophication, and agricultural intensification have led to a rapid 
declinee of A. montana in The Netherlands. The species is also threatened because it is 
collectedd for medical use (Mennema et al. 1985). Since 1973, the species is legally protected. 
Itt was placed on the Dutch Red List in 1990 (Weeda et al. 1990). Despite the protected status 
andd restoration management of its habitat, the number of populations has declined by 70% 
overr the last thirty years (van der Meijden et al. 2000). Today, 60% of all remaining 
populationss in The Netherlands have a size of less than 25 individuals, which is below the 
(theoretical)) critical level for maintaining a sufficient number of mating types in self-
incompatiblee plant species (Byers & Meagher 1992). 

Experimentall  study site 
Thee field experiment was performed in the nature reserve Schoapedöbe in the south-eastern 
partt of the province of Friesland. The Arnica population present at this locality could not be 
usedd in the experiment, because the number of flowering plants was too low. This means that, 
unfortunately,, local adaptation of the home population could not be tested. The experimental 
plotss were created in an abandoned arable field, which was colonised by grass- and heathland 
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Tablee 1. Experimental populations, showing population size (no. genets), the number of plants used in the 
crossingg experiment, and the number of flowerheads used per pollination treatment. 

Population Population 

Tynaarlo o 

Haveltee 5 

Haveltee 6 

Hooghalen n 

Pessee 1 

Buinerveldd 4 

Pessee 3 

Dwingelderveldd 2 

Population Population 
size size 

600 0 

150 0 

38 8 

5 5 

6 6 

400 0 

2 2 

11 1 

## Plants 

13 3 

17 7 

14 4 

15 5 

7 7 

14 4 

16 6 

17 7 

Self-Self-
pollination pollination 

8 8 

7 7 

10 0 

7 7 

7 7 

onlyy used 

onlyy used 

onlyy used 

Number Number ofof heads per pollination treatmen 

Intra-population Intra-population 

8 8 

9 9 

5 5 

6 6 

6 6 

ass pollen donor 

ass pollen donor 

ass pollen donor 

Inter-population Inter-population 
small small 

10 0 

15 5 

3 3 

3 3 

5 5 

Inter Inter -population -population 

large large 

7 7 

5 5 

10 0 

11 1 

6 6 

species,, amongst which A. montana. This site was chosen because the buffer capacity of the 
soill  reduced the risk of seedling mortality by the elevated concentrations of ammonium that 
oftenn occur shortly after sod-cutting (R. Bobbink, pers. com.). In April 1997, at least half a 
yearr before the start of the field experiment, the top layer of the vegetation of two strips was 
removedd to reduce competition and increase establishment probabilities. The strips measured 
1.55 by 8 meters and were situated parallel to each other, separated by two meters. 

Growingg of the mother  plants 

Inn July 1996, we sampled ripe fruit heads in eight populations of various sizes (Table 1). In 
thee large populations, 19 to 24 flowerheads were collected. In the smaller populations, only 
threee to five flowerheads could be collected. In the laboratory, 100 seeds were sown per 
population.. The seeds were placed on wet filter paper in a petri-dish and set to germinate in 
thee greenhouse. Germination took place at 25°C with a light regime of 12h day/12h night. 
Fourr days after germination, seedlings had grown sufficiently to be planted into small, water 
soakedd peat pellets. Plants were placed in a randomized order in the greenhouse. In October 
1996,, after two months of growth, each plant was planted in a clay pot and placed in the 
experimentall  garden. A cold winter period and shortening of daylength are necessary to 
stimulatee flower development. 

Crossingg design 

Inn May 1997, plants in bud stage were transferred from the experimental garden into the 
greenhousee to prevent insect pollination. In June, the pollination experiment was performed in 
thee greenhouse. Plants were placed on tables and grouped according to their population origin 
too facilitate the complex crossings between and within populations. For the experiment, we 
usedd eight populations, of which three only served as pollen donor (Table 1). 
Al ll  plants received at least one of the following four treatments: (1) self-pollination, (2) cross-
pollinationn with pollen from plants from the same population (intra-population), (3) cross-
pollinationn with pollen from plants from two other small populations (inter-population small) 
and/orr (4) cross-pollination with pollen from two other large populations (inter-population 
large).. The crossings were performed by brushing the anthers of one or more male flowers 
takenn from a single capitulum against the stigmas of flowers in the female stage. The 
pollinationss were carried out every second day until all florets in a capitulum had been in the 
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femalee stage. Selling was conducted by manually brushing pollen over the stigmas within 
flowerheads,, avoiding cross-pollination. 

Afterr three weeks, ripened fruitheads were collected. Developed fruits (black and hard) 
couldd easily be distinguished from undeveloped ones (whitish and soft). Their sum was taken 
ass the total initial number of florets per capitulum to calculate seed set. In addition, mean 
individuall  fruit weight per flowerhead was calculated by dividing the total weight of all 
fertilizedd fruits by the total number of fertilized florets. 

Fieldd experiment to quantify plant performance 
Forr die field experiment, two groups with an equal number of plants were formed: seedlings 
andd seeds. For both groups, we established the same randomized complete block design with 
tenn blocks containing up to five replications (plants) from each treatment combination and 
populationn of origin. This gave up to 90 plants per block. The first group germinated in the 
greenhouse,, while the second group was sown in the field. For the first group, seeds were 
sownn in trays containing small compartments that reflected the randomized block design. The 
compartmentss were filled with nutrient-poor sand, which could easily be washed off the root 
systemm when the young seedlings were planted at the experimental site. After germination, the 
seedlingss received water with a Hoagland nutrient solution. In the beginning of November 
1997,, the four week-old seedlings were transplanted into the field, according to their position 
inn the trays determined by the randomized complete block design. We made sure that none of 
thee original sand substrate remained. In March 1998, the seeds were sown in the same 
randomizedd block design, but at alternate positions in a 10x10 cm2 grid. They were stuck into 
thee substrate at a 45° angle to prevent them from being washed away by rain water. 

Fromm 1997-2000 plant size and flowering were recorded for both groups of plants (seeds 
andd seedlings) in May and August 1998, August 1999, and June 2000. Plant size was 
estimatedd by a non-destructive method as the product of (1) the total number of leaves per 
rosettee (minus the cotyledons, but including vegetative side-rosettes), (2) the length and (3) 
thee width of the largest rosette leaf present at that moment. In earlier experiments, there was a 
closee relationship between this estimate of seedling size and the actual dry weight (r2=0.707, 
/T<0.0001).. In 2000, flowering was recorded as the number of flowering stems and 
flowerheads.. Both flowering heads and those in the bud stage were counted. If a plant was not 
foundd during a census, it was considered dead. 

Dataa analysis 
Wee used ANOVA and general linear models for a data analysis to test for effects of plot, 
treatment,, population and their interactions. We considered the populations from which seeds 
weree originally collected as a random sample from the Dutch Arnica populations, and hence 
treatedd population as a random effect. In the resulting mixed-model ANOVAs, the treatment 
effectt was therefore tested over the treatment x population interaction (Steel & Torrie 1980). 
Inn most analyses, we also partitioned the treatment effect into a contrast selfing vs. intra-
populationn cross-pollination and into another contrast, viz., intra-population vs. inter-
populationn cross-pollination. The first contrast (IBD) tests for inbreeding depression and the 
secondd one (OBD/HET), for outbreeding depression or heterosis. 

Seedd set was analysed by analysis of deviance of a logistic regression model (Collet 1994). 
Meann deviance ratios (approximate F-values, which are equivalent to F-values in ordinary 
ANOVA;; McCullagh & Nelder 1989) were built analogous to F-values in ANOVA. The level 
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Tablee 2 a-c. Mixed-model ANOVA of the effects of the pollination treatment (a) on the total number of seeds 
(square-roott transformed), (b) seed set and (c) fruit weight (x 1000). Seed set was modelled as a logistic 
regressionn model. Approximate F-values were calculated as appropriate ratios of mean deviances (MD; see text 
forr further details). 

SourceSource of variation 

Treatment t 

Population n 

Treatmentt x Population 

Residual l 

Total l 

df df 
3 3 

4 4 

12 2 

129 9 

148 8 

a)a) No seeds 

MS MS 

12.62 2 

5.44 4 

4.42 2 

7.37 7 

P P 
<< 0.001 

0.026 6 

0.269 9 

b)b) Seed set 

MD MD 

778.54 4 

118.15 5 

54.52 2 

21.53 3 

42.16 6 

P P 
<< 0.001 

<< 0.001 

0.005 5 

c)c) Fruit 

MS MS 

0.243 3 

0.329 9 

0.233 3 

0.089 9 

0.110 0 

weight weight 

P P 
0.408 8 

0.007 7 

0.004 4 

off  inbreeding depression was calculated as one minus the relative performance of selfing 
versuss intra-population cross-pollination. 

Plantt growth between August 1998, August 1999, and June 2000 for both plant groups 
(introducedd as seedlings and as seeds), was expressed as logio(size at time 2/size at time 1) for 
bothh successive growth periods. The analysis was conducted as a randomized complete block 
designn with split-plots in time, i.e., time was a factor within individual plants. With only two 
timee points, we did not have to make the strong repeated-measures assumption of equal 
correlationss between any two time points but just that of homogeneous error variances. Plots 
weree treated as fixed effects to be removed from the analysis in order to estimate the other 
effectss with more precision. F-tests were carried out according to the standard rules for mixed 
modelss (see e.g., Steel & Torrie 1980, and the skeleton analysis in Table 4). In both analyses, 
nonee of the three-way interactions (Plot x Pop x Treat, Plot x Pop x Time, Pop x Treat x Time, 
alll  p>0.2) proved significant, so we pooled them with the residual error term and present 
thesee analyses. 

Forr mortality rates of plants in the field experiment we adopted a proportional hazards 
modell  for interval-censored data, i.e., data where deaths are not recorded along a continuous 
timee axis but only at certain discrete points in time. It was implemented as a generalised linear 
modell  with complementary log-log link and binomial errors as explained in Collett (1994, p. 
2433 ft). Terms were tested using approximate F-values (mean deviance ratios). 

Floweringg probability in 2000 was analysed by analysis of deviance of a logistic regression 
modell  as described above. Approximate F-values were computed by building mean deviance 
ratioss according to the scheme in Table 6. For plants established from seeds, we did not fit a 
plott effect because so few data were available. All statistical analyses were carried out with 
thee software package Genstat (Version 5.4.1., Payne et al. 1993). 

a)) Seed number b) Seed set c) Fruit weight 
tUUii  1001 1.50-1 11 1(X)I l.SUi 

Uii 'uil (illl 
selfingg intra inter inter selfing intra inter inter selfing intra inter inter 

smalll  large small large small large 
Figuree 1 a-c. Means (+ 1 SE) of (a) seed number, (b) seed set and (c) mean fruit weight (x 1000) for the 
pollinationn treatments in Arnica montana. 
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RESULTS S 

Seedd numbers, seed set and frui t weight 
Thee total number of seeds per plant differed significantly between the treatments (Table 2a, 
Fig.. la). Selfing resulted in only 27 % of the seed production of the two inter-population 
crossingg treatments, and intra-population crosses in just 67 %. Selfing resulted in a 
significantlyy lower seed production than intra-population outcrossing (contrast IBD: F14 
=42.15,, /T=0.003) and inter-population outcrossing yielded significantly more seeds than 
intra-populationn outcrossing (contrast OBD/HET: Fi,4 =26.78, /T=0.007). 

Seedd set was also significantly different between the treatments (Table 2b, Fig. lb) which 
wass again mostly due to a low seed set after selfing (contrast IBD: Fi,4=28.43,^=0.007) and 
higherr seed set after inter-population outcrossing (contrast OBD/HET: Fi,4=10.56,/>=0.031) 
Selfingss produced only 33 % of the seed set that was produced by the two inter-population 
outcrossingg treatments, while intra-population crosses were at 88 % of that level. In addition, 
thee treatment effects varied between the populations (significant treatment x population 
interaction,, Table 2b, Fig. 2a). The most striking effect was found for the intra-population 
cross,, for which percentage seed set in the small population Hooghalen was much lower 
(0.15)) than in the other populations (0.69-0.87). Seed set in large populations (0.29-0.33) was 
onn average higher than in the smaller populations (0.10-0.22). 

Meann fruit weight was not affected by treatment (F3!i=l .05, p=0.408), nor were the IBD or 
thee OBD/HET contrast significant (p>0.2). However, the treatment effect varied among 
populationss (significant treatment x population interaction, Table 2c, Fig. 2b). For all three 
parameters,, significant differences were found among the five populations (Table 2a-c). 

Seedlingg size and growth rates of established plants 
Forr seedling size in October 1997, after one month of growth in the greenhouse, there was no 
significantt treatment main effect (Table 3), nor was there any evidence for inbreeding 
depressionn (IBD-contrast: Fi,4 =1.639, p=0.270). However, the OBD/HET contrast was 
marginallyy significant (Fit4 =7.098, p=0.056), showing some heterosis for seedlings derived 
fromm inter-population crosses. There was also a significant treatment x population interaction 
(Tablee 3, Fig. 2c). Large differences between populations were found for the treatments 
selfingg and both inter-population crosses. However, the most important contribution to this 
significantt interaction may be found in population Havelte 5, where seedling size was much 
largerr after inter-population crosses with small populations than with large populations (Fig. 
2c).. Also seedling size differed significantly among populations (Table 3). The largest 

Tablee 3. Mixed-model ANOVA of the effects of the pollination treatment on the size (square-root transformed) 
off  Arnica montana seedlings aged one month in October 1997. See text for details on how size was expressed. 
Treatmentt was tested over the treatment x population interaction and all other terms over the residual. 

SourceSource of variation df_ MS F_ £ 

Plot t 

Treatment t 

Population n 

Treatmentt x Population 

Residual l 

Total l 

9 9 
3 3 
4 4 

12 2 

729 9 
757 7 

106.6 1 1 

285.3 7 7 

907.6 6 6 

160.0 1 1 

32.7 7 7 

41.2 9 9 

3.2 5 5 

1.7 8 8 

27.7 0 0 

4.8 8 8 

<0.00 1 1 

0.20 3 3 

<0.00 1 1 

<0.00 1 1 
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seedlingss were found in population Tynaarlo (503.0 mm2), and the smallest in population 
Haveltee 6 (237.8 mm"). Seedlings of the other populations, Havelte 5 (411.1 mm2), 
Hooghalenn (394,1 mm") and Pesse 1 (396.9 mm2), were of intermediate and similar size. 

Theree was neither a treatment main effect nor a population effect on the growth rates of 
individualss planted as seedlings (Table 4a). However, significant inbreeding depression for 
plantt growth was found (contrast IBD: Fij4=10.24,/?=0.032), although the magnitude was 
smalll  (0=0.07). The OBD/HET contrast was not significant (Fi,4=3.520,/>=0.133). For plants 
introducedd as seeds, there was neither a treatment nor a population effect on growth rates 
(Tablee 4b), and neither the IBD nor the OBD/HET contrast were significant (p>0A5). 

1.00 " 

0.88 " 

0.6 6 

0.4 4 

0.2 2 

0.0 0 

a) ) 

j j hi hi 

ITT  I 

I I 
2.5 5 

2.0 0 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

b) ) 

9. 9. 

'4. '4. 

700 0 

600 0 

500 0 

400 0 

300 0 

200 0 

1000 1 

0 0 

c) ) 

selfing g intra a 
population n 

inter r 
population n 

small l 

intra a 
population n 

large e 

Tynaarlo o || | Havelte 6 Haveltee 5 Hooghalen n f " 11 Pesse 1 

Figuree 2 a-c. Means (+ 1 SE) of (a) seed set, (b) mean fruit weight (x 1000) and (c) seedling size at age 1 month 
off  Arnica montana for the pollination treatments in each population. 
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Tablee 4 a-b. Mixed-model ANOVA of the effects of the pollination treatment on growth rates of offspring 
grownn in the field site for (a) plants introduced as seedlings and (b) plants introduced as seeds. The skeleton 
analysiss shows how terms were tested. 

SourceSource of variation 

Plot t 

Treatment t 

Population n 

Treatmentt x Population 

Time e 

Plott x Time 

Treatmentt x Time 

Populationn x Time 

Residual l 

Total l 

SkeletonSkeleton analysis 

F F 

MSpbtt  / MSpjot x Time 

MS-Tre**  / MSrre»! x Pop 

MSp<jpp / MSpop x Time 

MS T na txPcp /MSR R 

MSjim ee / MSpop x Time 

MSpiotxTinw/MS R R 

MS T r e a , x T ime/MS R R 

M S P o p x T i r a e / M S R R 

MS S 

a)a) Plants introduced 

df df 

9 9 

3 3 

4 4 

12 2 

1 1 

9 9 

3 3 

4 4 

630 0 

675 5 

MS MS 

0.165 5 

0.045 5 

0.046 6 

0.079 9 

107.508 8 

0.723 3 

0.150 0 

0.118 8 

0.082 2 

0.251 1 

ass seedlings 

P P 

0.981 1 

0.648 8 

0.806 6 

0.482 2 

<0.001 1 

<0.001 1 

0.142 2 

0.224 4 

b)b) Plants introducec 

df df 

9 9 

3 3 

4 4 

9 9 

1 1 

9 9 

3 3 

4 4 

85 5 

127 7 

MS MS 

0.084 4 

0.012 2 

0.080 0 

0.064 4 

15.451 1 

0.183 3 

0.075 5 

0.116 6 

0.070 0 

0.200 0 

asas seeds 

P P 

0.870 0 

0.904 4 

0.639 9 

0.515 5 

<0.001 1 

0.010 0 

0.363 3 

0.164 4 

Survival l 
Inn the field, mortality of plants introduced as seedlings declined significantly with increasing 
agee from October 1997 to June 2000. Combining the first two periods, October 1997 to 
Augustt 1998, to yield three periods of approx. equal (annual) length, mortality rates in the 
firstt three years of life were 0.48, 0.12, and 0.04, respectively. There was no significant 
treatmentt effect on mortality (Table 5 a) and there was no evidence for inbreeding depression 
(FM =1.194, /T=0.336)) or outbreeding/heterosis (FM=4.588, p=0.099). Mortality of plants 
originatingg from different populations was again significantly heterogeneous. Mean 
mortalitratess were 0.21 in Tynaarlo (large), 0.29 in Havelte 6 (medium), 0.20 in Havelte 5 
(large),, and 0.21 and 0.20 in the two small populations, Hooghalen and Pesse 1, respectively. 

Plantss introduced as seeds showed the same pattern as those planted as seedlings, except 
thatt there now was a significant treatment x population interaction (Table 5b), indicating that 
thee effect of treatment on mortality differed among populations. Combining the two first 
periods,, mortality rates in the first three years declined from 0.91 to 0.13 and 0.03. 

Tablee 5 a-b. Survival analysis of Arnica montana plants derived from four pollination treatments over five 
censuss dates: November 97 (a) and March 98 (b), respectively, May 98, August 98, August 99, June 2000). We 
adoptedd a proportional hazards model for interval censored data which was implemented as a generalised linear 
modell  with complementary log-log link and binomial errors (Collett 1994). Census period denotes the four 
periodss between successive censuses. 

SourceSource of variation 

Censuss period 

Plot t 

Treatment t 

Population n 

Treatmentt x Population 

Residual l 

Total l 

a)a) Plants 

df df 
3 3 

9 9 

3 3 

4 4 

12 2 

1971 1 

2002 2 

introducedintroduced as seedlings 

MDMD p 

57.196 6 

1.891 1 

1.266 6 

3.324 4 

1.019 9 

0.941 1 

1.036 6 

<0.001 1 

0.035 5 

0.338 8 

0.007 7 

0.370 0 

b)b) Plants introduced 

dfdf MD 

3 3 

9 9 

3 3 

4 4 

12 2 

1122 2 

1153 3 

146.360 0 

2.488 8 

1.061 1 

8.058 8 

3.498 8 

0.741 1 

1.188 8 

asas seeds 

P P 

<0.001 1 

<0.001 1 

0.823 3 

<0.001 1 

<0.001 1 
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Thus,, mortality was very similar between plants introduced as seeds and as seedlings, except 
forr the first period. The first rate is not directly comparable to that for plants established as 
seedlings,, because seeds were sown in spring 1998 instead of autumn 1997, and because the 
firstt mortality rate of the seeds also included the complement of the germination rate. The 
treatmentt effect and the IBD and the OBD/HET contrasts were not significant. 

Mortalityy rates were again heterogeneous between populations and not related to their size. 
Meann mortality rates of plants introduced as seeds were 0.80 in Tynaarlo (large), 0.87 in 
Haveltee 6 (medium), 0.69 in Havelte 5 (large), and 0.79 and 0.93 in the two small 
populations,, Hooghalen and Pesse 1, respectively. 

Thee mean percentage of surviving plants after three years of monitoring was higher for 
plantss introduced as seedlings (36.92%) man for plants introduced as seeds (0.07%). Survival 
wass significantly positively correlated with plant size (Log-linear regression: Wald chi-square 
=44.2,/?<0.001). . 

Flowering g 

Theree was a treatment effect on the probability to flower in the year 2000, for plants 
introducedd as seedlings (p=0.06; Table 6a) and for plants introduced as seeds (p=0.009; Table 
6b).. Plants in the inter-population crossing treatment had a greater probability to flower than 
thosee of the intra-population crossing and selfing treatments (Fig. 3). Accordingly, the 
contrastt OBD/HET for plants established as seedlings was marginally significant (F]  ,4=7.499, 
/7=0.052)) while the IBD contrast was not (Fi,4=0.517,p=0.512). There was an effect of 
population,, which was again not associated with population size. Probability of flowering was 
highestt in the large population Havelte 5 (0.39), intermediate (0.24-0.25) in populations 
Tynaarloo (large) and Pesse 1 (small) and low (0.19-0.20) in populations Havelte 6 
(intermediate)) and Hooghalen (small). For plants introduced as seeds, we observed flowering 
offspringg only in the two inter-population outcrossing treatments (Fig. 3), so the contrast 
OBD/HETT was highly significant while the IBD contrast could not be estimated. 

Tablee 6 a-b. Analysis of deviance of the effects on flowering probability in 2000 of treatment and population for 
(a)) Arnica montana introduced as seedlings and (b) as seeds. (MD: mean deviance; see text for further details). 
Noo plot effect was fitted in (b) due to small sample size. 

a)a) Plants introduced as 
seedlings seedlings 

dfdf MD 

99 3.019 

33 2.607 

44 3.199 

122 0.802 

3022 1.086 

3300 1.168 

P P 

0.018 8 

0.060 0 

0.021 1 

0.714 4 

b)b) Plants introduced as 
seeds seeds 

df df 

3 3 

4 4 

9 9 

47 7 

63 3 

MS MS 

--
1.488 8 

0.852 2 

0.207 7 

0.540 0 

0.557 7 

P P 

0.009 9 

0.177 7 

0.944 4 

64 4 

SourceSource of variation error term MD 

Plott Treat x Pop 

Treatmentt Treat x Pop 

Populationn Residual 

Treatmentt x Population Residual 

Residual l 

Total l 
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Figuree 3. Flowering probability of Arnica montana plants introduced as seedlings and as seeds. Note that 
theree were no flowering plants in the cross within and the selfing treatments for plants established as seeds. 

DISCUSSION N 

Reproductionn and cross-compatibility 
Pollinationn experiments showed that seed set was highly reduced after selfing. These results 
aree in agreement with earlier studies, which showed that A. montana is largely self-
incompatiblee (Luijten et al. 1996) and is expressing high outcrossing rates (Chapter 4). The 
occurrencee of reciprocal compatibility, one-way compatibility and reciprocal incompatibility 
inn response to an extensive cross-pollination experiment (Luijten, Karmelk, Van Mourik & 
Oostermeijer,, unpublished data) indicates a single locus, multiallelic, sporophytic genetic 
incompatibilityy system, which is generally observed in the family of Asteraceae (De 
Nettancourtt 1977). In species with a sporophytic self-incompatibility system, the rejection 
reactionn occurs at the stigma surface. In this respect, the existence of a self-incompatibility 
systemm itself may determine the observed inbreeding depression in A. montana for seed 
production.. However, pollen germination and pollen tube growth were not examined. Hence, 
itt might be that more ovules were fertilized, but that they were aborted because of early-
actingg inbreeding depression. Interestingly, seed production after selfing was higher in the 
largee populations and lower in the small ones. These results agree with our earlier observation 
thatt the proportion of self-fertile individuals is lower in small than in large populations 
(Chapterr 4). 

Wee observed a higher seed production for inter- than for intra-population crosses. This 
effect,, that could be interpreted as heterosis, was mostly due to low seed set associated with 
thee limited cross-compatibility within one of the small populations. The high seed set 
obtainedd after inter-population crosses in this population strongly suggests that the reduction 
inn seed set after intra-population crosses was more a consequence of insufficient numbers of 
S-alleless than of increased heterozygosity. A sufficient number of S-alleles in small 
populationss is vital for a successful reproduction of A. montana. Because the species has a 
transientt seed bank (Thompson et al. 1996), occasional recruitment is necessary to maintain a 
stablee population, even though the species also reproduces vegetatively (Eriksson 1989). 
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Smalll  and isolated populations of self-incompatible species are vulnerable to extinction if the 
availabilityy of cross-compatible mates falls below the number needed for the breeding system 
too function (DeMauro 1993, Reinartz & Les 1994). In the self-incompatible Rutidosis 
leptorrhynchoidesleptorrhynchoides (Asteraceae), there was a strong relationship between the number of S-
alleless and the reproductive population size, which closely paralleled the relationship found 
forr allozyme variation in the same populations (Young et al. 2000). Hence, the positive 
relationshipp between allelic richness and population size found in A. montana (Luijten et al. 
2000)) might also be present for S-allele diversity suggesting that the smaller Dutch 
populationss contain fewer S-alleles than the larger ones. Consequently, reproductive failure 
mayy pose a serious threat to the viability of A. montana in The Netherlands, because the 
majorityy of populations is smaller than 25 individuals, which has been estimated as the critical 
levell  to maintain a sufficient S-allele diversity (Byers & Meagher 1992). From a conservation 
perspective,, adding new individuals to small populations of self-incompatible species is 
thereforee essential to increase mate availability, despite possible negative effects of 
outbreedingg depression. 

Inbreedingg depression 

Inn A. montana, pollination treatments had no effect on the measured fitness parameters 
fruitt weight, seedling size, plant growth rates, and survival. This was both true for plants 
introducedd as seeds and as seedlings. Significant effects of treatment were only observed in 
statisticall  contrasts for inbreeding and outbreeding depression/heterosis. Growth rates of 
selfedd offspring showed a significant reduction compared to the outcrossed progeny, but only 
forr plants introduced as seedlings. These results are in agreement with the general observation 
thatt inbreeding depression in perennial, outcrossing plant species is expressed either early in 
thee life cycle, during seed maturation, or late, after the juvenile stage at plant growth or 
reproductionn (Husband & Schemske 1996). Moreover, these findings suggest that late-acting 
inbreedingg depression is due to weakly deleterious alleles, which are difficult to purge from 
thee population. 

However,, the average level of inbreeding depression for growth rates in A. montana was 
muchh lower than for other outcrossing perennials. This was much to our surprise and difficult 
too interpret, because A. montana is largely self-incompatible (Luijten et al. 1996) and highly 
outcrossingg (Chapter 4), which is usually associated with high levels of genetic load and thus 
alsoo with high inbreeding depression. A possible explanation might be that there is high 
postzygoticc inbreeding with lethal effects on maturing seeds, which results in a progeny with 
moree or less equal fitness. We could not detect this due to the self-incompatibility system. 
Anotherr explanation for the low inbreeding depression might be found in the fact that A 
montanamontana populations showed a rather low genetic diversity in comparison to other declining 
speciess (Luijten et al. 2000) and as compared to A. montana populations occurring in the 
centerr of the distribution area (Kahmen & Poschlod 2000). Perhaps the peripheral Dutch 
lowlandd populations have a lower genetic variation due to a founder effect or a historical 
bottleneckk or they might have experienced a long history of inbreeding due to isolation. In 
thatt case, lower levels of genetic load may be expected, resulting in lower levels of inbreeding 
depression. . 

Plantss introduced as seeds did not show inbreeding depression. This suggests that under 
fieldd conditions, selection is so high that only plants which are not inbred both germinate and 
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survivee the first life stage. Selection may initially have been limited among plants that started 
theirr life in the favourable conditions of the greenhouse (Dudash 1990, Barrett & Kohn 1991), 
soo that inbreeding depression could begin to have significant effects as soon as the seedlings 
weree planted out in the field. 

Outbreedingg depression and heterosis 
Inn A. montana, none of the measured fitness parameters provided evidence for outbreeding 
depression.. According to theoretical models, outbreeding depression is unlikely to occur in 
thee Fi generation, because all the individuals are heterozygous at a maximum number of loci 
(Dudashh & Fenster 2000). In agreement with this theory, heterosis was found for seed 
productionn (but see above), seedling size, and probability of flowering. Since none of the 
parentall  plants were outcrossed with the population of the experimental site, heterosis could 
nott have been enhanced by incrossed genes or gene combinations that increased adaptiveness 
too the local environment. 

Heterosiss for plants introduced as seedlings was only marginally significant, while it was 
highlyy significant for seeds sown in the field, at least for the probability of flowering. This 
differencee may be due to higher selection pressures in the field than in the greenhouse (see 
previouss section). The number of plants declined in both groups, but the mortality rate in the 
firstfirst year for plants introduced from seeds was much higher than for plants introduced as 
seedlings.. It might be that germination and seedling survival in the field is lower than in the 
greenhouse,, where it is very high (Luijten et al. 2000). 

Thee increase in fitness of plants after inter-population crosses indicates that (some of) the 
populationss were already inbred to some degree, and that crossing increased levels of 
heterozygosityy and masked mildly deleterious alleles. A similar result has been found for the 
decliningg perennial species Gentiana pneumonanthe (Oostermeijer et al. 1995a). 

Despitee the observed heterosis, inter-population crossing may still have a negative effect 
onn plant fitness in the long-term. Continued random mating reduces the higher heterozygosity 
levell  associated with heterosis by one half in the next generation, and consequently reduces 
thee expression of heterosis by one-half. Recombination within the first and forthcoming 
generationss can lead to the breakdown of coadapted gene complexes, if there is no selection. 
Thiss may still result in outbreeding depression, even though there was heterosis initially 
(Dudashh & Fenster 2000). In contrast to annual species, outbreeding depression in perennials 
mayy take much longer to express, because of overlapping generations. However, because in 
thiss particular case there are no populations involved that were locally adapted to the 
Schoapedöbee site, new coadapted gene complexes need to be formed. This may work best 
whenn genotypes of many populations are mixed. The significantly different performance of 
thee studied populations in this introduction site suggests that using a single population for 
reintroductionn is in itself hazardous. 

Onlyy very few studies have examined the magnitude of outbreeding depression for more 
thann one generation. In the outcrossing annual Chamaecrista fasciculata (Fenster & Galloway 
2000a,, 2000b), outbreeding depression was investigated through to the F3 generation and an 
effectt of heterosis was found only in the first generation. For the F2 and F3 generation, a 
reductionn in offspring fitness was observed, but often not to lower levels than observed in the 
parents.. However, F3 plants derived from cross-pollinations among populations separated 
fromfrom very distant localities (separated by more than 1000 km), showed a decline in fitness to 
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lowerr levels than in either parental plants, indicating outbreeding depression. A practical 
examplee of outbreeding depression is the introduction of seed mixtures of wildflowers 
producedd by commercial suppliers, which are usually located in foreign countries. 
Experimentall  mixing of gene pools of those seed mixtures with local Swiss populations of the 
speciess Agrostemma githago, Papaver rhoeas, and Silene alba revealed negative outbreeding 
effectss in the F2 generation (Keller et al. 2000). Hence, mixing of gene pools of very distant 
populationss (> 1000 km) can lead to outbreeding depression, probably because it mainly 
involvess adaptation to climatic conditions on a larger geographic scale. Fenster and Galloway 
(2000a)) did not find any outbreeding over intermediate distances (several 100 kms), and 
suggestedd that if distances among populations are not too large, outbreeding depression may 
bee of littl e concern to conservation. In contrast, Fischer & Matthies (1997) suggested that 
cautionn is necessary in using artificial gene flow as a management tool. They based this on 
theirr finding of outbreeding depression (already in the F] and in a common environment!) for 
crossess between populations of the biennial Gentianella germanica separated by only 25 km. 
However,, the fitness reduction in the Fi was only significant in comparison with crosses over 
aa distance often meters and not with crosses over a shorter distance. Since G. germanica has 
aa relatively high degree of selfing and is occasionally visited by bees, the normal mating 
distancee is likely to be much shorter than ten meters. In this respect, it is questionable whether 
inter-populationn crosses would indeed reduce fitness in comparison with the normal situation 
forr this species. 

Conservationn implications 

Sincee our study, like most others, could not analyse the effect of inter-population crosses on 
thee long-term (i.e., until the breakdown of coadapted gene complexes can have a significant 
effect),, it is still difficult to conclude that small populations of A. montana should be restored 
byy adding individuals from other populations. It is clear that more research is needed on that 
topic.. However, an elaborate crossing study involving several generations might take at least 
tenn years for perennial species. Although such studies will give valuable information on the 
existencee of coadapted gene complexes and their effects on plant vigour, it will take too much 
timee for the presently rapidly declining species, for which immediate action should be taken 
(Frankhamm 1995). 

Forr instance, the majority of Dutch A. montana populations is so extremely small, that it 
cann be expected that in the very near future only a handful of populations will be left if no 
immediatee action is taken. It remains uncertain if the observed heterosis can balance or 
outweighh the reduced offspring performance observed in the small parental populations. In 
addition,, for any sensible number of individuals to be added in a reinforcement project, the 
sizee of the reintroduced population will exceed the present size by far. In this respect, it is 
questionablee if we should be concerned about the negative consequences of the breakdown of 
coadaptedd gene complexes, because if the gene pool is large and genetically variable, thee best 
adaptedd individuals will be probably selected for (Tecic et al. 1998). The significant 
differencess among populations for various fitness components suggest that reinforcement of 
smalll  populations or reintroduction at sites with suitable habitat conditions is best achieved by 
usingg material from several populations and preferably from not too large distances as 
isolationn enhances genetic differentiation (Wright 1943). Similar conclusions have been 
postulatedd by Helenurm (1998) and Van Groenendael et al. (1998). We suggest that large 
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numberss of seedlings or seeds should be used, because inbred individuals are likely to be lost 
inn the initial stages of the introduction, reducing the subsequent population size. Using adult 
plantss is another option, but this has two drawbacks: (1) it is more costly and laborious to 
introducee large numbers, and (2) as they grow up in an experimental garden or greenhouse, 
theree is no expression of inbreeding depression, so that effectively also inbred and poorly 
adaptedd genotypes are introduced. Using seeds is easier, cheaper, and provides a good 
bioassayy for the suitability of the site for germination and establishment. 

Besidess genetical reinforcement to restore population fitness, adding new individuals to 
populationss of self-incompatible plants may improve mate availability. High diversity of S-
alleless is necessary to ensure a high seed set, which is important for the persistence of the 
population,, and also for reintroductions. For the self-incompatible daisy Rutidosis 
leptorrhynchoides,leptorrhynchoides, Young et al. (2000) predict that mate availability will drop below 50% in 
diploidd populations smaller than 60 reproductive individuals. Considering that approximately 
75%% of the Dutch A. montana populations are of smaller size, mate availability is most likely 
aa serious problem in many populations as is witnessed by their extremely low seed production 
(Luijtenn et al. 2000). Small numbers of S-alleles may lead to selection for self-compatible 
individuals,, shifting the breeding system towards mixed mating or even selfing. This has been 
foundd in Aster furcatus (Reinartz & Les 1994). However, it is unlikely that in the near future 
self-incompatibilityy will be lost in small populations of A. montana, because self-compatible 
individualss were nearly only found in larger populations and not in small ones (Chapter 4). 
Besidess large numbers of S-alleles, sufficient numbers of pollinators are essential for the 
transportationn of compatible pollen within the population. An increase of population size can 
enhancee its attractiveness to the pollinators, especially when the facilitation effect of co-
floweringg species is insufficient (Rathcke 1983, Kwak et al. 1998, Oostermeijer et al. 1998). 

Inn conclusion: considering the ongoing, rapid decline of A. montana in The Netherlands, 
reinforcementt of small, remnant populations by either sowing of seeds or planting of 
individualss should take place at short notice, before it is too late. We feel that the risk of 
outbreedingg depression is not high enough to wait with this type of genetic rescue until long-
termm data become available. 
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ReproductiveReproductive biology of the rare biennial 
Gentianellaa germanica compared with other 
gentiansgentians of different life history 

SheilaSheila Luijten, Gerard Oostermeijer, Albertine Ellis-Adam and Hans den Nijs 
1998.1998. Acta Botanica Neerlandica 47:324-336 

Abstract:: We tested reproductive biology and pollination limitation of the rare Gentianella germanica 
inn two large populations in The Netherlands, at the margin of its distribution area. Gentianella 
germanicagermanica is self-fertile, but pollinators are essential for the transport of pollen to the stigmas. In caged 
andd untouched flowers the mean seed set was reduced to less than 30%. However, the ability of auto-
depositionn of pollen on the stigma varied among individuals (0-90%). The reduced seed set after hand 
selfingg in one population indicates some inbreeding effects on ovule or seed abortion, but in the other 
populationn no inbreeding depression was observed. This population had an overall lower seed set and 
seedd number per fruit. Despite the favourable nutrient conditions, and higher number of ovules per 
flowerr in this population, there was apparently a limit to the number of seeds that could be matured per 
fruit.. There was no evidence for pollination limitation in either population. A comparison of autofertility 
andd ovule production per flower with several other gentian species differing in life history confirmed the 
hypothesiss that the annual and most biennial gentians are selfers and the perennials predominant 
outcrossers.. Hence, particularly the perennial gentian species risk reductions of reproductive success and 
inbreedingg depression owing to habitat fragmentation and pollination limitation. In contrast to other 
biennials,, G. germanica was more similar to the perennial species, because of its poor autofertility. The 
possiblee role of herkogamy and dichogamy in the varying ability of individuals to self-pollinate 
spontaneouslyy is discussed, and will be studied in the near future. 

INTRODUCTIO N N 
Plantt species demonstrate a remarkable diversity in life history strategies which are often 
closelyy related to the type of habitat in which they are found (Grime 1979). In many cases, 
alsoo a relationship is found between a plant's life history strategy and its reproductive biology 
(Salisburyy 1942). Annuals are typical for open and disturbed habitats, whereas biennials are 
characteristicallyy species of intermediately disturbed, and generally open vegetation (Harper 
1977,, Grime 1979, van der Meijden et al. 1992). These short-lived species are often highly 
dependentt on a seed bank (Leek et al. 1989) and produce many small seeds per fruit (i.e., they 
havee a comparatively large 'brood size', Wiens 1984). Many short-lived plants are self-fertile 
andd capable of spontaneous self-pollination which reduces failures in reproductive success 
duee to (periodical) scarcity of pollinators and assures a high seed set (Levin 1972). In contrast 
too annuals and biennials, polycarpic perennials are mostly found in more closed and stable 
communities.. Although self-fertility is common in perennials, reproductive assurance is 
generallyy not necessary since a high annual seed production is considered to be of less 
importancee (Stebbins 1950). This is especially true for species that have vegetative 
reproductionn (Eriksson 1989, Cook 1993). 
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Inn this paper, we restrict ourselves to a group of plant species occurring in nutrient-poor 
habitats:: grasslands, hay meadows, moist heatlands, wet dune slacks and calcareous, montane 
grasslands.. Many taxa characteristic of these habitats are declining or becoming extinct, 
becausee agricultural practices changed, the landscape became more fragmented, and 
ecologicall  conditions deteriorated (Mennema et al. 1985, Lennartsson & Svensson 1996, 
Fischerr & Stöcklin 1997). Fragmentation and isolation of populations also affect genetic 
variation,, gene flow and reproductive success (Ellstrand & Elam 1993, Oostermeijer et al. 
1994,, Young et al. 1996). In small and isolated populations, reproductive output may be 
reducedd because of low visitation rates of pollinators (Kwak 1988, Kwak et al. 1991). As a 
consequence,, plants are forced to self-pollinate. In predominantly outbreeding plant species, 
reproductivee success and offspring fitness decreases due to inbreeding depression 
(Oostermeijerr et al. 1994). Short-lived species that are predominantly selfers will suffer less 
fromm inbreeding depression. In these species, repeated selling has already purged deleterious 
alleless from the population (Charlesworth & Charlesworth 1987). 

Memberss of the family Gentianaceae are plant species which are expected to be affected 
byy these changes. In this paper we consider gentians belonging to the closely related genera 
GentianaGentiana and Gentianella, which differ in life history. Many gentians have become rather rare 
throughoutt most of their distribution area, but mainly in the western and northern parts of 
Europee (Pritchard 1972, Mennema et al. 1985). Populations of most species have declined or 
havee become extinct, and many species are now placed on the Red Data Lists of several 
Europeann countries (Korneck & Sukopp 1988, Weeda et al. 1990, Landolt 1991, Ingelög et al. 
1993,, Olivier etal. 1995). 

Thee main study species in this paper is the strict biennial Gentianella germanica (Willd.) 
Börner,, a rare plant in The Netherlands. The species occurs in a few populations, which are 
foundd only in the southeastern part of the province of South-Limburg (Mennema et al. 1985). 
Thesee populations are on the north-western border of its distribution area (Hulten & Fries 
1986).. It can be expected that ecological conditions at a species' border are less favourable 
thann in the center. Therefore, marginal populations are often smaller and more isolated, and 
suitablee pollinators might be scarce (Levin & Clay 1984). Such conditions may induce selfing 
andd lead to higher autofertility (Lloyd 1992, Jarne & Charlesworth 1993). Possibly as a 
consequencee of the inbreeding and genetic drift associated with this, genetic variation of 
borderr populations is often reduced as compared to central ones (Brussard 1984, Hoffmann & 
Blowss 1994). Fischer & Matthies (1997) have studied reproductive biology of a population of 
G.G. germanica in Switzerland, in the core of the species' distribution. They found, amongst 
otherr things, that the species depends on pollinators for a good seed production and, as a 
result,, is sensitive to pollination limitation. Hence, given the rarity and marginal position of 
G.G. germanica in The Netherlands, it is interesting to investigate whether the species (1) has a 
differentt reproductive biology, e.g. is a better selfer, than in the center of its range, and (2) 
experiencess pollination limitation. Also, since after this study we will have data on the 
reproductivee biology of several gentian species, we are able to investigate the relationship 
betweenn life history and the degree of autofertility within this taxonomie group. With this 
comparison,, we can test the hypothesis that short-lived, annual and biennial species show 
higherr autofertility and seed-ovule ratios than long-lived perennials (Wiens 1984, Lloyd 1992, 
Molauu 1993). 
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MATERIAL SS AND METHOD S 
Descriptionn of the study species 

GentianellaGentianella germanica germinates in early spring (March to May), forms a rosette during the 
firstfirst year and flowers late (August-September) in the second growing season (Verkaar & 
Schenkeveldd 1984). Plants vary in size from rather small (<10 cm) individuals bearing few (1-
5)) flowers to robust specimens (>50 cm) with many flowers (>100). The pinkish flower is 
typicall  of the genus Gentianella. In the throat of the flower, there is a characteristic rim of 
erect,, whitish fringes. The function of these fringes is not well understood. It may be that they 
eitherr protect the flower entrance from small, nectar robbing insects (Ricca 1870, Muller 
1881),, or prevent the dilution of the nectar by rain (Schultz 1888). The species has 
protandrouss (Ricca 1870), nectar producing flowers which are mainly visited by bumblebees 
inn our study populations (pers. observations). Fischer and Matthies (1997) found that small 
beess and Diptera were the main pollinators in Switzerland. 

Studyy populations 
GentianellaGentianella germanica was studied in two large populations, located in calcareous grasslands 
inn the southernmost part of The Netherlands. The populations (each >5000 flowering plants in 
thee study season) are respectively situated in the State Nature Reserves 'Wrakelberg' and 
'Gerendal'' (hereafter called populations Wrakelberg and Gerendal). The WrakelbergNature 
reservee is facing south with a slope of c. 16°. Since c. 1945, the vegetation is mown annually, 
latee in the season when all plant species have set fruit. The Gerendal Nature reserve is facing 
NWW with an inclination of 20°. The site has been fertilized until 1967. Thereafter it has been 
grazedd by sheep and/or was mown annually, after the growing season (Willems 1980). 

Pollinationn experiments 
Thee reproductive biology of G. germanica was studied in summer 1991 by means of different 
pollinationn treatments. To prevent insects from visiting the flowers, metal cages covered with 
fine-meshedfine-meshed gauze were placed over more than 40 plants in each population. Per caged plant, 
threee flowers were used. One flower of each caged plant was left untouched, to investigate the 
abilityy for spontaneous self pollination. The second flower was pollinated by hand using 
eitherr pollen from the same flower or another flower from the same plant. The third flower 
wass pollinated with outcross pollen from another plant in the same population. Hand 
pollinationss were effectuated by brushing a freshly dehisced anther which was removed from 
aa self or outcross flower with fine forceps against the receptive stigma. Prior to the 
outcrossingg treatment, flowers were emasculated just before the flower was about to open, by 
removingg all undehisced anthers with fine forceps. We observed no effects of emasculation of 
antherss on the development of the flower (cf. Fischer & Matthies 1997). Reproductive success 
off  open pollinated flowers was investigated on a separate group of 40 uncaged plants to which 
visitorss had free access. All flowers receiving different pollination treatments were colour-
codedd on the calyx with a small dot of acrylic paint. 

Threee weeks after the pollination treatments, cages were removed and mature fruits were 
collected.. Reproductive success was determined as follows. With a brush, the fruits were 
emptiedd in a petri-dish and examined under a dissecting microscope. Viable (relatively large 
andd obviously filled) seeds could be readily distinguished from aborted (shriveled and 
obviouslyy empty) ovules. The sum of these was considered to equal to the total initial number 
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off  ovules. Seed set was calculated by dividing the total number of viable seeds per fruit by the 
totall  number of ovules of the same fruit. 

Statisticall  analysis 

Alll  data were tested for normality and heteroscedasticity. When the data did not fulfi l the 
assumptionss of parametrical statistics, and transformation did not improve this, non-
parametricall  tests were used. To investigate if variation in reproductive success resulted from 
thee different pollination treatments, either parametrical or non-parametrical (Kruskal-Wallis) 
ANOVA'ss were performed. Differences between the mean reproductive success of the various 
pollinationn treaments were tested by Tukey's HSD multiple comparison of means following 
parametricc ANOVA or by separate Mann-Whitney U-tests after Kruskal-Wallis (Sokal & 
Rohlff  1981). 
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Figuree 1 (a-f). Reproductive output for different pollination treatments in Gentianella germanica in populations 
Wrakelbergg and Gerendal. Represented are ovule number (a and b), the number of seeds per fruit (c and d) and 
seedd set (e and f). Differences within populations are given above the columns. Differences between populations 
butt within the same pollination treatment are given within the columns. Columns that have no letter in common 
aree significantly different (^<0.05). 
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RESULTS S 
Thee recovery of fruits was nearly 100%, suggesting that no significant fruit abortion occurred 
ass a result of the pollination treatments. Therefore, the analyses presented in the following 
sectionss are based on the results from all treated flowers. 

Numberr  of ovules 
AA clear difference in the number of ovules was found between the two study populations. 
Plantss in the Gerendal population produced significantly more ovules per flower. Average 
ovulee production was 114 in the Gerendal, and 98 in the Wrakelberg population (Fig. la & b). 

Inn the Wrakelberg population, no significant differences between pollination treatments 
weree found in the number of ovules (Fig. la). However, this was not the case in population 
Gerendall  (Fig lb). In open pollinated flowers the mean number of ovules per fruit (104) was 
significantlyy less in comparison to hand outcrossed (120), and spontaneously selfed flowers 
(116)) but not as compared to hand selfed flowers (114). Within the caged treatments, we 
observedd no significant variation in the number of ovules. 

Numberr  of seeds per  frui t 
Inn both populations, no differences in the number of seeds per fruit were found between open 
pollinated,, hand outcrossed and hand selfed flowers (Fig. lc & d). In caged, unpollinated 
flowers,, the number of seeds per fruit was reduced significantly in both populations, to 35 
seedss in population Gerendal and to 26 seeds in Wrakelberg. This spontaneous seed 
productionn per fruit was statistically the same in both populations. A difference was found 
betweenn the two populations in the number of seeds per fruit for open pollination and hand 
outcrossingg (Fig. lc & d). In population Gerendal, the number of seeds per fruit was 
significantlyy lower in most treatments, except for the hand selfing treatment, after which seed 
productionn per fruit was also reduced in population Wrakelberg. Hence, population Gerendal 
didd not produce more seeds per fruit, despite the observation that plants from this population 
producedd a higher number of ovules. 

Wrakelbergg (n = 40) Gerendall  (n = 40) 

00 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 

seedd set classes 

Figuree 2. Frequency distribution of seed set per fruit after spontaneous selfing in two studied populations 
off  Gentianella germanica. 
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Seedd set 

Inn the Wrakelberg population (Fig. le), seed set in open pollinated and hand outcrossed 
flowerss was significantly higher than in hand selfed flowers (90.6%, 90.5% and 75.3%, 
respectively),, and approximately three times higher than in spontaneously selfed flowers 
(26.6%).. In population Gerendal (Fig. If), we observed no differences in seed set between 
open,, hand outcross and hand self pollinations (68.8%, 65.6% and 69.6%). Also here, 
spontaneouss selling performed distinctly low (29.4%). The seed set of open, hand outcrossed 
andd selfed pollinated flowers was significantly lower in the Gerendal population than in the 
Wrakelbergg population, whilst seed set after spontaneous selfing was similar (Fig. le & f). 
AA more detailed description of seed set after spontaneous selfing in individual flowers, is 
presentedd in the form of frequency distributions of individuals over seed set classes (Fig. 2). 
Inn both populations quite a number of individuals, viz., 32.5 % in the Wrakelberg and 20% in 
thee Gerendal population, completely failed to produce seeds when pollinators were excluded. 
Amongg the other individuals, seed set varied from 1 to 90%. 

DISCUSSION N 

Reproductivee success 

Bothh Dutch populations of G. germanica showed a rather high number of ovules (98 and 114) 
ass compared to the average of 71 observed in a Swiss population by Fischer & Matthies 
(1997). . 

Thee comparatively high ovule production of population Gerendal might be explained by 
thee higher nutrient level at this site, observed by Willems (1980). Plants in the Gerendal could 
apparentlyy allocate more energy to reproduction, resulting in larger plants with more flowers 
andd more ovules per flower. However, seed set was maximally c. 70% of the large number of 
ovules,, whereas the comparatively high seed set of c. 90% on the Wrakelberg concerned a 
smallerr ovule number. It cannot be assumed that pollen limitation is responsible for this lower 
seedd set in Gerendal, since in the hand pollinations, pollen was applied onto the stigmas in 
highh quantities (i.e. more pollen grains than ovules were available). One explanation might be 
thatt large plants with many flowers exhibit a lower proportional allocation to seed maturation 
perr flower than smaller plants (from population Wrakelberg). In Lupinus texensis, Helenurm 
&&  Schaal (1996b) found that the number and size of inflorescences and the amount of ovules 
perr flower were positively correlated with the level of nutrients. In this species, fertilization of 
ovuless was not affected by nutrient treatments, but abortion of developing fruits and seeds 
wass resource-limited. Similar high ovule numbers and low seed/ovule ratios were found in 
largee plants of Amsinckia grandiflora (Pavlik et al. 1993) and Asclepias tuberosa (Wyatt 
1980). . 

Inn both populations, the number of seeds per fruit after hand selfing was as high as in 
cross-- and open-pollinated flowers. However, seed set after hand selfing in the Wrakelberg 
populationn was significantly reduced. This suggests a slight inbreeding depression of seed set 
whichh did not lead to a significantly lower seed number per fruit. Selfing may lead to the 
expressionn of recessive alleles that lead to abortion of a fraction of the seeds (Charlesworth & 
Charlesworthh 1987, Waser & Price 1991). In the Gerendal population no indication for 
inbreedingg was found. The higher natural abortion of ovules in this population might have 
affectedd the detection level for seed abortion as a consequence of inbreeding. 
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Fischerr & Matthies (1997) found no inbreeding depression for the number of seeds per 
fruitt and seed mass in the Swiss G. germanica population. They did find inbreeding 
depressionn later in the life cycle, however. Similar results were obtained for the perennials 
GentianaGentiana cruciata and Gentiana pneumonanthe (Petanidou et al. 1995a, 1995b, Oostermeijer 
ett al. 1994). In the perennial Gentiana newberryi, however, Spira & Pollak (1986) found 
significantt inbreeding depression of fruit set, although the authors attributed this to weak self-
incompatibility. . 

Autofertilit y y 
Althoughh the species is self-compatible, seed production is pollinator-dependent and seed set 
wass reduced to less than 30% in caged and unpollinated flowers. This agrees with the results 
onn G. germanica in Switzerland by Fischer & Matthies (1997). Thus, G. germanica does not 
showw the expected tendency towards higher autofertility and increased pollinator 
independencyy on the margin of its distribution area. Also, both studied Dutch populations did 
nott exhibit pollination limitation, despite the marginal position, the fragmentation and the 
reducedd quality of the chalk grassland habitat in The Netherlands. It must be noted, however, 
thatt both populations comprised a considerable number of flowering plants in the study year. 
Poorr management, in the form of complete mowing or intense grazing during the flowering 
period,, has drastically reduced the population size of population Wrakelberg in the past five 
years. . 

Inn our pollinator exclusion experiments, we found much variation in seed set between 
individualss within a population. Apparently, some individuals have a better auto-deposition of 
pollenn on the stigma than others. This may result from two mechanisms; either the flowers are 
lesss dichogamous, which will result in increased pollen viability during receptivity of the 
stigmaa (Webb & Lloyd 1986), or herkogamy is less pronounced, i.e., anthers and stigma are 
positionedd closer to each other (Lloyd & Webb 1986). Recent field observations indicate that 
thee latter of these explanations may be true. In some plants the stigma appears to protrude 
visiblyy above the level of the anthers, while in others the stigma is positioned at the same or 
beloww this level. Variation in the spatial arrangement of anthers and stigma has been also 
describedd for other Gentiana and Gentianella species (Muller 1881, Webb & Pearson 1993). 
Lennartssonn (1997) demonstrated heritable variation for herkogamy within populations of 
GentianellaGentianella campestris in Sweden. Currently, experiments are being conducted to study the 
importancee of herkogamy for the reproductive biology of G. germanica. 

AA comparison of autofertilit y among gentians with different life history 
AA comparison of the autofertility for several gentian species differing in life history is given 
inn Figure 3 a. As expected, the annual Gentianella uliginosa has a high seed production in the 
absencee of pollinators (Petanidou et al. 1998). Similar results for the same species were found 
inn Swedish populations (Lennartsson 1997). The biennial species Gentianella amarella and 
GentianellaGentianella campestris (Lennartsson 1997), and the alpine biennials Gentiana tenella and 
GentianaGentiana prostata (Spira & Pollak 1986), also have a full seed set in the absence of 
pollinators.. In all of these species, pollinator visitation is generally not necessary to ensure 
highh seed set. These results are in agreement with the theory that annuals have a higher ability 
too self-pollinate (Wiens 1984, Lloyd 1992). The ovule/seed ratios in these species are more 
indicativee of inbreeders than of outbreeding species (Wiens 1984, Molau 1993). 
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Althoughh Gentianella germanica has comparable numbers of ovules to the annuals (Fig. 
3b),, seed production in this strict biennial is reduced by more than 60 % when pollinators are 
excludedd (Fig. 3a). In this respect, our study species behaves more like the perennial gentians 
GentianaGentiana cruciata (Petanidou et al. 1995a), Gentiana pneumonanthe (Petanidou et al. 1995b), 
GentianaGentiana newberryi (Spira & Pollak 1986) and Gentiana saponaria (Windus & Snow 1993). 
Inn these species, both herkogamy and protandry are rather pronounced, and appear to reduce 
spontaneouss self-pollination quite efficiently. Polycarpic perennials such as these do not rely 
onn a single reproductive burst, and therefore suffer less from an occasional year with 
pollinationn failure. Under normal conditions in large populations, the demographic risks of 
inbreedingg avoidance are therefore smaller for species with this life history. 

Concludingg remarks 
Ass many gentian species are rare, and populations often are small and threatened with (local) 
extinctionn (Pritchard 1972, Mennema et al. 1985), the observed differences in reproductive 
biologyy are important for their conservation. It is likely that most annual (gentian) species will 
hardlyy suffer from small population size in the form of increased risks of reduced 
reproductivee success and inbreeding depression (Lande & Schemske 1985, Charlesworth et 
al.. 1990). They are already highly adapted to selfing, so that genetical risks are probably less 
importantt than environmental stochasticity. However, for the perennials, and apparently also 
forr at least one biennial species, reductions in population size pose a threat. Small populations 
off  these species may be forced to rely on self-pollination, as pollinators can no longer find 
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Figuree 3. Comparison of autofertility (a) and mean number of ovules per fruit (b) for a number of Gentiana 
andd Gentianella species differing in life history. Data modified from: (Spira & Pollak 1986, Petanidou et al. 
1995a,, 1995b, Lennartsson 1997, Fischer & Matthies 1997, Petanidou et al. 1998). 
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themm (Jennersten 1988). This will lead to reduced seed set (Kwak 1988, Oostermeijer 1996a), 
higherr selfing rates (Raijmann et al. 1994, Ortega Olivencia et al. 1995), and increased 
inbreedingg depression with the associated loss of genetic variation (Ellstrand & Elam 1993, 
Oostermeijerr et al. 1994, Young et al. 1996). Under these circumstances, inbreeding 
depressionn may be more important than reproductive assurance. 
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VariableVariable herkogamy and autofertility in 
marginalmarginal populations ofGentianella germanica 
inin The Netherlands 

SheilaSheila Luijten, Gerard Oostermeijer, Albertine Ellis-Adam and Hans den Nijs 
1999.1999. Folia Geobotanica 34:483-496 

Abstract:: In The Netherlands, Gentianella germanica (Willd.) Börner is a rare plant species, occurring 
att the margin of its distribution area. It is found only in isolated patches of chalk grassland surrounded 
byy intensively used agricultural land. In 1997 and 1998, we investigated the spatial and temporal 
separationn of anthers and stigma in relation to autofertility. We performed our experiments in one large 
andd two small populations to investigate possible selection against herkogamy and for increased 
autofertilityy in marginal populations under pollination limitation. Dichogamy appeared to be very weak 
andd varied within individuals. Homogamous and protandrous flowers were most frequent. Dichogamy is 
apparentlyy no effective barrier against self-fertilization in this species. Herkogamy varied significantly 
betweenn individuals and between populations, and plant and flower size were not correlated with anther-
stigmaa separation. Both observations suggest a genetic basis to herkogamy. Autofertility was generally 
highh in all three populations. Only in one small population a correlation between autofertility and 
herkogamyy was found. Here, most plants had the stigma positioned above the anthers (mean herkogamy 
+0.88 mm), while in the other two populations the stigma was positioned mainly in between or below the 
antherss (mean herkogamy -0.55 mm). In comparison with earlier data from 1991 and 1992, plants in the 
largee population had become less herkogamous and more self-fertile in 1998. This population has been 
mownn one month earlier than usually since 1993, leading to dramatic reductions (bottlenecks) in 
populationn size. In addition, the early mowing time may have caused a further reduction of the already 
scarcee visitation by pollinating insects. We hypothesize that both adverse conditions may have caused a 
selectionn for plants with smaller anther-stigma separation and higher autofertility. Through this 
mechanism,, human influence can have profound effects on the reproductive success and evolution of 
raree plant species, even if it occurs in the context of nature conservation. 

INTRODUCTIO N N 
Thee most widespread feature of floral morphology promoting outcrossing in plants is the 
separationn of male and female functions (Baker & Hurd 1968, Faegri & van der Pijl 1979). 
Herkogamyy is the spatial separation of anthers and stigmas (Webb & Lloyd 1986) whereas in 
dichogamouss flowers, pollen presentation and stigma receptivity are separated in time (Lloyd 
&&  Webb 1986). In animal-pollinated flowers, protandry is more common than protogyny 
(Bertinn & Newman 1993) although the latter has been said to give a better protection against 
self-fertilization.. Herkogamy and dichogamy often occur simultaneously in many plant 
speciess and are interpreted as mechanisms to reduce self-fertilization. 

Thee separation between anthers and stigma is reflected in many different flower types. 
Therefore,, Webb and Lloyd (1986) described three main classes of herkogamy: interfloral, in 
whichh flowers present only pollen or stigmas (monoecism), reciprocal, with two or three 
typess of hermaphroditic flowers that show reciprocal differences in the position of anthers 
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andd stigma, (heterostyly) and homomorphic, in which all flowers are of one form and 
hermaphroditic,, and pollinator contact is unordered or ordered. In ordered herkogamy, pollen 
andd stigma presentation is related to the foraging path of the pollinator. The nectar-bearing 
flowerss are gullet-, bell- or tube-shaped. A sophisticated pollinator behaviour in these flowers 
iss essential for an effective transfer of pollen to the stigmas. Approach herkogamy, in which 
thee stigma is placed before the anthers, is found for example in the families Liliaceae, 
Boraginaceae,, Ericaceae and Gentianaceae (Webb & Lloyd 1986). 

Inn many angiosperms, herkogamy appears to be a continuously distributed trait (Barrett & 
Eckertt 1990, Carr & Fenster 1994, Lennartsson 1997). In self-compatible plant species with a 
mixedd mating system, an increase in self-pollination will occur in less-herkogamous and 
homogamouss plants when pollinators are scarce (Lloyd 1992). Habitat fragmentation, small 
populationn size and isolation may increase pollen limitation because of low visitation rates 
(Kwakk 1988, Kwak et al. 1991). Here, selection for highly autogamous individuals may be 
expected,, but only when inbreeding depression is low (Charlesworth & Charlesworth 1987, 
Landee & Schemske 1985). However, the high production of seeds that is associated with 
autofertilityy may allow for substantial selection on the offspring without serious demographic 
consequences,, even when there is considerable inbreeding depression. 

AA previous study (Luijten et al. 1998) on the reproduction biology of Gentianella 
germanicagermanica (Willd.) Börner in The Netherlands showed that this rare species is largely self-
compatible.. However, it was concluded that pollinators are essential for a high seed set. 
Althoughh mean seed production per flower was reduced significantly in caged, untouched 
plantss (spontaneous seed set <30% as compared to 86% for manually selfed plants), the 
abilityy of auto-deposition clearly varied between individuals (seed set ranged from 0 to 90%). 
Wee hypothesized that differences in auto-deposition of pollen on stigmas were caused by 
variationn in spatial separation between the anthers and stigma among individuals. This has 
alreadyy been observed by floral biologists from the late 19th century observed that the stigma 
inn G. germanica was always higher than the anthers (Ricca 1870) or that anther-stigma 
distancee varied (Kerner von Marilaun 1891, Muller 1881, Schultz 1888). They assigned this 
variationn in herkogamy to differences in style length. 

Distributionn area G. germanica 

Locationn Dutch study populations 

Figuree 1. A part of the main distribution area of G. germanica and the location of our study populations. 
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Ourr research questions were as follows: (1) is auto-deposition of pollen on the stigma in G 
germanicagermanica related to the separation of anthers and stigma, and (2) has selection occurred 
againstt herkogamous and for more autogamous individuals in small populations? In order to 
answerr these questions, we investigated not only the spatial but also the temporal separation 
betweenn anthers and stigma and their development during anthesis. We measured various 
flowerr parts, and tested plants for their ability to self-fertilize spontaneously. Experiments 
weree performed in one large and two small populations. The resultss obtained on anther-
stigmaa distance and autofertility in 1998 were compared with data from previous experiments 
inn 1991 (Luijten et al. 1998), 1992 and 1997. 

MATERIAL SS AND METHOD S 

Studyy species 
GentianellaGentianella germanica occurs mainly in central Europe, with some outposts in England and 
Slovakiaa (Fig. 1, Meusel et al. 1978). The Dutch populations are situated at the northern 
marginn of the range (Fig. 1). 

Inn The Netherlands, G. germanica is a strict biennial (Verkaar & Schenkeveld 1984). 
Germinationn occurs in early spring, during the first year a rosette is formed and the plants 
flowerr in late summer (August-September) of the second year. Plants vary in size from rather 
shortt in stature (<10 cm) bearing few (1-5) flowers to very tall (>40 cm) with many flowers 
(>100).. The purple to pinkish, nectar-producing flowers have a relatively narrow corolla tube 
withh a characteristic rim of fringes in the throat. Flower visitors on G. germanica in our study 
populationss were rather scarce. Some small bumblebees and sirphid flies have been seen 
visitingg the flowers. In some years, migrating noctuid moths like Autographa gamma may be 
frequentt flower visitors of G. germanica. Whether this species is pollinating the flowers is not 
known,, although pollen of Gentianella has been found on its body (T. Petanidou, pers. 
comm.). . 

Studyy populations 
Populationss of G. germanica are found in small patches of chalk grassland, isolated from 
eachh other by large areas of intensively used agricultural land. Most of these chalk grasslands 
aree nature reserves. Our experiments were performed in one large population and two small 
populations. . 

Thee large population WRAKELBERG (abbreviated WRAK) consists of approximately 100,000 
individualss and has been present for at least 45 years. The two smaller populations 0 
individuals)) have been recently founded. Population EXPERIMENTAL SLOPE (abbr. EXP), 

locatedd in the valley Gerendal, was founded in 1991 in a rather species-rich grassland 
vegetation.. This formerly intensively used grassland has been restored by an intensive 
mowingg and hay-making regime. A nearby larger population was probably the seed source. 
Thee third study population EYS dates from approximately 15 years ago. How and when this 
populationn was founded is unknown. 

Developmentt  of the different flower  parts during anthesis 
Inn population EXP, the spatial development of various flower parts during anthesis was 
investigatedd in early September 1997. On 35 randomly selected plants, flowerbuds were 
markedd with acrylic paint on the calyx. During one week, plants were visited daily. The 
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spatiall  arrangement of the flower parts was investigated by measuring the following floral 
characterss (Fig. 2): corolla tube length, pistil length, stamen length, connate part of the 
filament,, free part of the filament and the distance between the top of the anthers and the 
lowestt part of the stigma with papillae (the 'anther-stigma separation'). Since, these floral 
partss were measured with a dissecting microscope, the floral development during anthesis 
couldd not be determined within the same flower. Per plant different flowers were picked 
representingg different stages (ages) of anthesis. Flowers were picked on the first, second, third 
andd fourth (last) day of anthesis. 

Flowerr  measurements and autofertilit y experiments 

Inn 1998, the same flower parts as in 1997 were measured, but this time we only used flowers 
thatt were in their first day of anthesis. In addition, we performed experiments in three 
populations.. We were able to study 32 plants in population WRAK, 20 plants in population EYS 
andd 21 plants in population EXP. Of these selected plants, the height was measured and the 
totall  number of flowers per plant counted. Then, plants were placed in wire cages covered 
withh fine-meshed gauze to prevent insects from visiting. In order to relate anther-stigma 
separationn to the ability to autofertilize, we needed to measure both variables on the same 
plant.. For each variable, 5 to 10 flower-buds in the same stage of development were marked 
withh acrylic paint. One group of buds was left untouched to test their seed production after 
spontaneouss selfing, while another group was collected to measure the various flower parts. 
Off  each collected flower, the developmental stage of anthers and stigma was also recorded to 
determinee the degree of dichogamy. Anther development was classified in the following 
categories:: (a) closed, (b) just open, (c) open and filled with pollen, (d) empty. Categories of 
stigmaa development were: (a) closed, (b) stigma lobes slightly open, (c) lobes fully open (d) 
lobess curled. Using combinations of these classes within flowers, they could be classified as 
protandrous,, homogamous or protogynous. 

Fourr weeks after the experiment, the mature fruits were collected and filled and empty 
seedss were counted to determine the reproductive success. Filled and empty seeds could be 
readilyy distinguished under a dissecting microscope. Seed set was calculated as the ratio of 

Figuree 2. Schematic drawing of the relative lengths and positions of anthers and stigma in flowers of 
GentianellaGentianella germanica, showing the various flower parts that have been measured. t=corolla tube, c=connate 
partt of filament, f=free part of filament, s=entire stamen, p=pistil, and ASS=anther-stigma separation (p-s). 
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filledfilled seeds to the initial ovule number. A small number of the fruits was infested by insect 
larvaee or fungi and had to be discarded from further analysis. Data on herkogamy and 
autofertilityy in 1992 were obtained in a similar manner. 

Dataa analysis 
Forr the statistical analysis we used Systat 5.2.1 for Apple Macintosh (Wilkinson 1989). All 
dataa were tested for normality and heteroscedasticity. When data did not fulfil l the 
assumptionss of parametrical statistics, and transformation did not improve this, we had to 
resortt to non-parametrical tests. Differences in size of the measured flower parts during four 
dayss of anthesis were tested using an ANOVA (length of the pistil and free part of the 
filament)filament) with linear contrasts between days or by using a Kruskal-Wallis test (length of the 
corollaa tube, stamen, connate part of the filament and anther-stigma separation). Variation in 
anther-stigmaa separation was tested using a nested ANOVA, with plants nested within 
populations,, and the measured flowers nested within plants. For differences among 
populationss in flower size, anther-stigma distance, number of ovules, seed set and 
correlationss between the various flower parts we used the individual measurements per 
flower.. For any correlation that involved seed set, we used the mean values per plant, as there 
wass no direct correspondence between the (destructively sampled) measured flowers and the 
flowerss that could set seed. 

RESULTS S 

Flowerr  development during anthesis 
Thee lifespan of a flower was approximately four days. On the fourth day, the stigma lobes 
weree curled backwards and the flower remained closed. During these four days a significant 
increasee was found for corolla tube length, stamen length and pistil length (Fig. 3). This 
increasee in length was most pronounced between the second and third day. Despite the 
increasee in length of the measured floral parts, the spatial separation between anthers and 
stigmaa did not change significantly during anthesis. 

Variatio nn in pollen and stigma presentation 
Flowerss within individual plants varied considerably with respect to the temporal separation 
off  sexual functions on their first day of anthesis. Hence, it was not possible to classify a plant 
ass entirely protandrous, homogamous or protogynous. Of all 74 plants examined, only 7% 
couldd be classified as fully protrandrous. However, differences in the proportion of 
protandrouss and protogynous, but not homogamous, flowers per plant were found between 

Corollaa tube length 

17--

16--

15 5 
1 1 

F,, .88=6.654 p=0.012 

Stamenn length 

FF|| g8=5.505, p=0.02 

Pistill  length 

=7.424,, p=0.008 

3 3 

Antherr stigma separation 

1.5 5 

1.0 0 

0.5 5 

0.0 0 
F,, 88=1.374. /7=0.244 

1 1 

Figur ee 3. Average length of corolla tube (a), pistil (b), stamen (c), and (d) anther-stigma separation measured on 
44 subsequent days of anthesis in population EXP (n=35). 
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Tablee 1. The median proportion per plant of flowers (and range) in each dichogamy category in the three study 
populationss of G. germanica. Values that have no letter in common (in horizontal comparisons, between 
populations)) are significantly different (MW U-tests, p<0.05). 

WRAKWRAK (n= 32) EYS(n=20) EYS(n=20) EXP(n=22) EXP(n=22) 

protandrous s 
homogamous s 
protogynous s 

0.50(0.13-1.00)' ' 
0.400 (0.00-0.75)' 
0.000 (0.00-0.43)' 

0.211 (0.00-0.75)" 
0.500 (0.00-0.88)' 
0.233 (0.00-0.56)" 

0.35(0.00-1.00)" " 
0.40(0.00-1.00)' ' 
0.18(0.00-0.75)" " 

populationss (Table 1). Plants in population WRAK and EXP were predominantly protandrous or 
homogamous,, whereas they were mainly homogamous in population EYS. The proportion of 
protogynyy was significantly lower in WRAK, and protandry was less common in EYS (Table 1). 

Thee time that passed between pollen presentation and stigma receptivity (opening) was 
alwayss less than one day. 

Differencess in herkogamy between populations in 1998 

Thee measurements of anther-stigma separation per plant per population are shown in Fig. 4. 
Thee proportion of variance in herkogamy among flowers within plants was small (13.7%) and 
nott significant (Table 2), but the variance among plants within a population (38.9%) and 
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Figuree 4. The anther-stigma distribution per plant in the three study populations. Differences among plants were 
testedd with ANOVA (statistics are presented in the graphs). 
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Tablee 2. Nested analysis of variance of the spatial separation between anthers and stigma in flowers of G. 
germanica.germanica. Significance levels of the F-ratios were determined using the Satterthwaite approximation 
(Sokall  & Rohlf 1981). The variance components (in %) are indicated between brackets. 

A N O V A - T A B L E E 

sourcesource of variation (%) SS SS df df F, F, 

Amongg populations (47.4%) 
Amongg plants within populations (38.9%) 
Amongg flowers within plants (13.7%) 
Total l 

163.86 6 
210.01 1 
63.02 2 

436.89 9 

2 2 
70 0 

438 8 
510 0 

26.23 3 
20.85 5 
0.17 7 

<0.001 1 
<0.001 1 
ns ns 

Tablee 3. Means and standard deviation (between brackets) of plant height and the measured flower parts 
perr population. Values in a row that have no letter in common are significantly different (ANOVA, 
p<0.001).. The number of flowers per plant was tested with a Kruskal-Wallis ANOVA (p<0.001), the 
mediann instead of mean value is given for this variable, and the range is given between the brackets. 

Variable Variable 
Plantt height (cm) 
Numberr of flowers per plant 
Corollaa length (mm) 
Pistill  length (mm) 
Filamentt length (connate part, mm) 
Filamentt length (free part, mm) 
Totall  stamen length (mm) 
Anther-stigmaa separation (mm) 

WRAK WRAK 
25.99 (4.0)a 

36.55 (21-1 l l ) a 

14.55 (1.7)a 

15.33 (1.5)a 

6.44 (1.0)a 

8.66 (l. l) a 

15.88 (1.6)a 

-0.55 (0.8)a 

EYS EYS 
26.77 (4.0)a 

19.00 (ll-39)b 

12.99 (1.5)b 

13.00 (1.4)b 

5.55 (0.9)b 

7.55 (1.4)b 

13.55 (1.5)b 

-0.66 (0.6)a 

EXP EXP 
34.22 (4.9)" 
26.00 (14-55)c 

16.88 (1.8)c 

18.44 (1.9)c 

7.44 (l. l) c 

9.44 (l. l) c 

17.66 (1.6)c 

+0.88 (0.9)b 

amongg populations (47.4%) was highly significant (Table 2). In populations WRAK and EYS, 

thee stigma was positioned below the top of the anthers in most of the plants, while the stigma 

inn flowers of population EXP mainly protruded above the tops of the anthers. 

Florall  morphology and autofertilit y 

Plantss in population EXP were significantly taller than in WRAK. and EYS, but the mean number 

off  flowers per plant was highest in population WRAK. Flower size differed significantly 

betweenn the three study populations (Table 3). Flowers were the largest in population EXP, the 

smallestt in population EYS, whereas flowers in population WRAK were of intermediate size. 

Althoughh the lengths of the corolla tube, pistil and stamens were highly correlated with each 

otherr within each population, anther-stigma separation varied separation independently from 

thesee variables in all populations (Table 4). In all populations, herkogamy was also not 

1 0 00 a) WRAK 

V V 80-1 1 

60 0 

40--

20 0 

0 0 
(n=32,, r=0.139,p=O457) 

b)) EYS 

(n=20.7=-0.109,/>=0.647) ) 

C)) KXP 

(n=21,, ^-0.525,/7=O.OI5) 

0 0 I I 3 - 2 - 11 0 1 2 

anther-stigmaa separation (mm) 

33 -2 

Figuree 5. The relation between autofertility and herkogamy in the three study populations. Pearson's product-
momentt correlation coefficients are given in each graph. 
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a)) WRAK 

-2.55 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3 

antherr stigma separation (mm) 

Figuree 6. Frequency distribution diagrams of anther-stigma separation between different study years given for 
thee three populations. Note that the comparison is between 1997 and 1998 for population EXP and between 
19922 and 1998 for populations WRAK and EYS. 
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correlatedd with plant height and the number of flowers per plant (Table 4). Plants in 
populationn EXP had a significantly higher anther-stigma (+0.80 mm) than plants in both 
populationn WRAK (-0.49mm) and population EYS (-0.56mm). The latter two populations did 
nott differ. Autofertility (seed set of untouched flowers on caged plants) was 76.4%, 54.4% 
andd 67.4% in populations WRAK, EYS and EXP respectively, and varied significantly among 
populationss (Anova, /72.7o= 13.01, /?<0.001). In populations WRAK and EYS no significant 
relationshipp was found between herkogamy and autofertility (Figs. 5a and b). In population 
EXP,, herkogamy was negatively correlated with the ability to self spontaneously (Fig. 5c). 

Differencess between years in herkogamy and autofertilit y 

Figuree 6a-c shows the anther-stigma separation in two different study years. In populations 
WRAKK and EYS, data of the year 1998 could be compared with data from a similar experiment 
inn 1992, whereas in population EXP data from 1998 and 1997 could be compared. In 
populationn WRAK, a marginally significant shift was found towards a reduced anther-stigma 
separation.. In this population, the mean separation between anthers and stigma had shifted 
fromm +0.15 mm in 1992 to -0.45 mm in 1998 (One-way ANOVA on log-transformed data: 
F|,76=3.39,p=0.069).. This suggests that the stigma was on average positioned higher than the 
antherss in 1992 in most flowers, and mostly under the level of the anthers in 1998 (Figure 
6a).. In the small population EYS, no significant shift was observed (Fi,39=0.94,p=0.339). 
Here,, the mean separation between anthers and stigma was -0.28 mm in 1992 and -0.49 mm 
inn 1998, which indicates that the stigma was mostly positioned under the level of the anthers 
inn both study years (Figure 6b). Striking is, however, that in this population we observed no 
plantss with the stigma above the anthers in 1998, while these were present in 1992. In the 
otherr small population EXP (Fig. 6c), the stigma was mostly positioned above the level of the 
antherss in both study years, +0.94 mm in 1997 and +0.8 mm in 1998 (difference not 
significant). . 

Inn population WRAK, we had data on autofertility for three years, and in population EYS for 
twoo years (Fig. 7). In population EYS, autofertility increased from 44% in 1992 to 54% in 
19988 (Mann-Whitney U test, p=0.051). In population WRAK, mean autofertility increased 
fromm 27% in 1991 to 48% in 1992 and 76% in 1998 (Kruskal-Wallis,/KO.001). 

-100 -20 -30 -40 -50 -60 -70 -80-90 -100 -10 -20 -30 -40 -50 -60 -70 -80-90 -100 -10 -20 -30 -40 -50 -60 -70 -80-90 -100 

seedd set classes 

Figuree 7. Frequency distribution of seed set per fruit after spontaneous selling in population WRAK in three 
differentt years. 
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DISCUSSION N 

Florall  morphology and display 
Latee in the 19th century, floral biologists were already interested in dichogamy. At that time, 
differentt degrees of dichogamy were observed in G. germanica in various parts of its main 
distributionn area and at different altitudes. The species was either considered clearly 
protandrouss (Schultz 1888) or homogamous (Ricca 1870) or both (Kirchner 1888, Schultz 
1890).. Our results are in agreement with this apparently variable and weakly developed 
dichogamy.. Moreover, dichogamy varied not only between, but also considerably within 
plants.. Also, the temporal difference between male and female display was relatively short 
(measuredd in hours rather than in days) and most flowers can therefore effectively be 
consideredd homogamous. Hence, dichogamy may not be considered a very effective barrier to 
self-fertilizationn and heritability of this trait is probably very low. In this respect, G. 
germanicagermanica behaves similarly as its close relative G. campestris, studied in Sweden 
(Lennartssonn 1997). 

Inn G. germanica, most flowers were either 'always herkogamous' (sensu Robertson & 
Lloydd 1991), i.e., the stigma was positioned lower or higher than the anthers during the entire 
lif ee span of the flower, or 'never herkogamous', i.e., the stigma and anthers were positioned 
att the same (or lower) level at all times. We found no potential for delayed self-pollination by 
corollaa tube or filament stretching at a faster rate than the pistil during anthesis, as was found 
inn G. campestris (Lennartsson 1997) and Myosotis (Robertson & Lloyd 1991). The increase 
inn flower size from the second to the third day of anthesis is probably linked to the moment of 
(self-)pollination. . 

Inn G. germanica, the style is nearly absent (pers. observation) and has no role in the 
anther-stigmaa separation. This contradicts former reports, where herkogamy was assigned to 
differencess in style length (Muller 1881, Kerner von Marilaun 1891). We found that 
herkogamyy was caused by either pistil length, in population EXP, or stamen length as in 
populationss WRAK and EYS. Most plants in population EXP had their stigma protruding above 
thee anthers, while in populations WRAK and EYS, the majority of plants had their stigma below 
thee level of the anthers. 

Herkogamyy varied independently from the size of different flower parts, plant height and 
thee number of flowers per plant. Moreover, there was significant variation among plants and 
loww within-plant variability. These observations strongly suggest that herkogamy is 
geneticallyy controlled. Unfortunately, we were unable to determine the heritability of anther-
stigmaa separation in G. germanica because seeds of selfed mothers failed to germinate. Our 
assumptionn is supported by Lennartsson (1997), who found a high heritability of herkogamy 
(0.85)) in the close relative G. campestris. The degree of anther-stigma separation has a strong 
geneticc component in other species (Ennos 1981, Carr & Fenster 1994, Robertson et al. 
1994). . 

Herkogamyy and its significance for  autofertilit y 
Severall  studies demonstrated that anther-stigma separation is positively correlated with 
outcrossingg rate (Ennos 1981, Dole 1992, Holtsford & Ellstrand 1992, Belaoussoff & Shore 
1995,, Karron et al. 1997, Brunet & Eckert 1998). The opposite, the decrease of the degree of 
autogamouss selfing when herkogamy increases, has been much less investigated. In some 
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MimulusMimulus species, weak associations were found between autofertility and anther-stigma 
separationn (Carr & Fenster 1994). In Aquilegia caerulea (Brunet & Eckert 1998) and 
IpomoeaIpomoea purpurea (Ennos 1981) herkogamy was strongly negatively associated with 
autogamouss selfing. In these species, herkogamy was much more pronounced than in G. 
germanica,germanica, with anther-stigma distances up to 8 mm. Nevertheless, we still found a negative 
correlationn between herkogamy and autofertility, but only in population EXP, where the 
stigmaa was clearly protruding up to 3 mm above the anthers in some plants. In populations 
WRAKK  and EYS, most of the flowers had the stigma in between the anthers, so a significant 
relationshipp between herkogamy and autofertility was less likely. 

Inn comparison with an earlier study of G. germanica (Luijten et al. 1998), autofertility by 
increasedd with more than 30%. This might be a result of our experimental method, because 
herkogamyy and autofertility had to be determined on the same plant. Although we moved the 
cagee up and down with extreme care to prevent disturbance of the plant, it still might have 
increasedd pollen transport from anthers to the stigma, and increased the overall seed set. 
Anotherr explanation might be the numerous thrips we observed in the flowers of especially 
populationn EXP. Baker and Cruden (1991) demonstrated that thrips within flowers or plants 
couldd cause significant (self-)pollination in Ranunculus sceleratus and Potentilla rivalis. 

Itt seems strange that populations EYS and WRAK, which have on average a similar range of 
anther-stigmaa separations, differ significantly in autofertility. Especially the lower 
autofertilityy in population EYS might be explained by other factors than anther-stigma 
separation,, such as pollen production or viability, since the anthers looked slightly different 
andd were even malformed in several flowers (which were not included in the experiment). 

Selectionn for  decreased herkogamy and increased autofertilit y 
Whetherr the explanations discussed above were also responsible for the increased autofertility 
inn population WRAK is questionable. Here, a high autofertility could be expected, since 
anther-stigmaa separation was less than in population EXP. However, it was interesting to find 
thatt on average herkogamy had changed from positive (+0.15 mm) in 1992 to negative (-0.45 
mm)) in 1998. Plants in this population also started to flower one month earlier in both 1997 
andd 1998, as compared with 1992. We can dismiss weather conditions as an explanation for 
thesee changes, since we did not observe a similar shift in the other two populations. 

Itt seems more likely that self-fertile individuals were selected for under conditions of 
extremee pollen limitation in this population. During our field work, we have hardly observed 
anyy insect visitation to G. germanica. In addition, a shift in the mowing time from late 
Octoberr to early September in population WRAK has made the site very unattractive for 
pollinatorss during the flowering period. Moreover, the earlier mowing also drastically 
reducedd the number of flowering gentians to tens rather than thousands of plants. Reductions 
inn population size may have an effect on visitation rates and seed set (Jennersten 1988, Kwak 
ett al. 1991, Oostermeijer et al. 1998). In a recent study, hardly any pollen of G. germanica 
wass found on the bodies of various insect species (D. van Hest, unpublished data). 

Onn the basis of our data, we hypothesize that selection for autofertility occurs especially in 
marginall  populations with low insect visitation rates. This is supported by the high 
autofertilityy observed in G. germanica in the Austrian Alps by Wagner and Mitterhofer 
(1998).. Here, the habitat is marginal because of its altitude of 1980m a.s.1., where pollen 
limitationn is frequently reported (Gugerli 1997, Totland 1997). Our populations are situated at 
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thee margin of the species' distribution area where the habitat is strongly fragmented. In the 
moree centrally located Swiss Jura, the observed autofertility rate was much lower, which 
mightt be associated with a higher availability of pollinating insects (Fischer & Matthies 
1997).. It is remarkable that in that area, small and isolated populations had lower seed set 
thann large ones (Fischer & Matthies 1997). Our theory predicts that in such populations 
selectionn will occur on less herkogamous and more autofertile individuals. The same may of 
coursee be expected in population EXP if the observed pollen limitation continues. 

Itt can be concluded that pronounced herkogamy is effective in reducing self-fertilization in 
G.G. germanica, but that its degree is easily influenced by adverse situations. It seems that in 
thee strongly man-made landscape of today, isolation by habitat fragmentation, pollinator 
limitationn and badly timed mowing or grazing management may all have a strong effect on 
thee reproduction of ecologically or distributionally marginal populations. 
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Summary Summary 

Manyy plant species have become rare and threatened due to loss and deterioration of their 
naturall  habitats, largely as a result of increasing human activities. Plant populations declined 
inn size and often have to persist in small and isolated nature reserves. As a result, they are 
sensitivee to local extinction, because of reduced genetic variation and offspring fitness due to 
geneticc drift and inbreeding. In addition, small populations are vulnerable to reproductive 
failuree as a result of reduced pollinator service and/or low mate availability. Besides 
populationn size, the species' mating system does have a large influence on genetic and 
demographicc processes in small and fragmented populations. 

Thiss thesis reports on genetic and demographic aspects of two threatened plant species 
differingg in life-history, viz. the short-lived Gentianella germanica and the long-lived Arnica 
montana.montana. Both species are threatened and occur in isolated patches of semi-natural habitat in 
aa highly fragmented landscape. However, G. germanica has always been restricted to a few 
populations,, because it only occurs in calcareous grasslands, whichh are only found in the 
southernmostt part of The Netherlands. In contrast, A. montana is a characteristic species of 
heathland,, which covered extensive areas of The Netherlands until the beginning of 1900. 
Bothh draining and exploitation of heathlands and collecting of A. montana for medicinal 
purposess have contributed to the decline of this plant in The Netherlands. 

Inn this thesis, a total of six studies is presented. The first four chapters analyse factors 
affectingg population viability of the rapidly declining perennial A. montana. The last two 
focuss on aspects of the reproductive biology of the biennial G. germanica and its response to 
management. . 

Knowledgee on the spatial population structure and mating system are important necessities 
forr accurately estimating population size and understanding demographic and genetical 
processess in declining plant populations. In a medium-sized population of A. montana, 
genotypee analysis of all mapped rosettes in a plot of 100 m2

 (CHAPTER 2) suggested a clonal 
structure,, because dense clusters often consisted of identical genotypes. However, open 
clusterss frequently contained several different genotypes, due to limited fruit dispersal, since 
seedlingss were found mainly within or in the near surroundings of the clusters. Pollination 
experimentss showed that A. montana is largely self-incompatible. However, considerable 
variationn in seed set after artificial self-pollination was observed in a small number of 
individuals,, suggesting a partial breakdown or failure of the self-incompatibility system. 
Althoughh some plants appeared to be more self-fertile than most others, pollinators are 
generallyy essential for pollination. Moreover, a high S-allele diversity is necessary to preserve 
cross-compatibilityy relationships. 

Allozymee electrophoresis in 26 populations (CHAPTER 3) showed that total genetic 
variationn was rather low in A montana (He = 0.088). In addition, there were significant 
positivee relationships between the log of population size and the proportion of polymorphic 
loci,, the effective number of alleles and the level of gene diversity, which were attributed to 
geneticc drift during bottlenecks. Observed heterozygosity was not related to population size. 
Inn general, small populations showed a heterozygote excess. It is possibe, that these 
individualss contained a relatively high fitness and represent the remaining survivors from the 
formerlyy larger populations. The F-statistics showed a moderately high level of differentiation 
amongg populations, implying a low level of gene flow. 

Populationn size was also positivelyy related with seed set (CHAPTER 3). It remained unclear 
iff  reproductive failure was due to pollinator limitation or to insufficient numbers of cross-
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comptiblee mates. It is likely that drift has also eliminated S-alleles. Also several parameters of 
offspringg performance (seedling size, the number of flowering stems and flowerheads, adult 
survival,, and total relative fitness) were significantly reduced in smaller populations. 
However,, offspring performance in the greenhouse was not associated with genetic diversity 
measuredd on their mothers in the field. We concluded that fitness of small populations is 
significantlyy reduced, but that there was no evidence that this was caused by inbreeding. 
Possibly,, the self-incompatibility system of A. montana has been effective in reducing selfing 
ratess and inbreeding depression. 

Thee two preceding studies showed that fragmentation and small population size can 
stronglyy effect the reproductive success in species depending on pollinators or on cross-
pollination.. However, since most Asteraceae have a generalist pollination syndrome and are 
self-incompatible,, it might be that members of this family may suffer less from pollinator 
limitationn but more from mate availability. In contrast, pollinator limitation may increase the 
numberr of self-fertile plants due to selection for reproductive assurance, but higher levels of 
homozygosityy associated with selfing might lower plant fitness. 

Ann analysis of the flower visitors and their visitation rates in relation to flowerhead density 
inn one small and one large population (CHAPTER 4) showed that, as expected, A. montana was 
visitedd by different insect groups, viz. hoverflies, 'other flies', butterflies, bees, beetles and 
bugs.. All visitors carried heterospecific pollen, but considering the abundance, conspecific 
pollenn loads and visitation rates of hoverflies and bees, we assumed that these visitors were 
thee most efficient pollinators. Although the mean number of visits to a genet and the number 
off  flowerheads visited per genet were similar between populations and plots, visitation rate 
perr individual flowerhead was twice as high in a low density as compared to a high density 
patchh of flowering plants. The small population received on average more visits per 
flowerheadd per unit time. 

Noo evidence was found for a higher proportion of self-fertile plants or a breakdown of the 
self-incompatibilityy system in small populations (CHAPTER 4). Moreover, high outcrossing 
ratess in one small and two large populations suggested that self-incompatibility still functions 
properly.. Interestingly was the higher number of pollen donors per flowerhead in the small 
population,, which was in agreement with the higher visitation rate in that population, and 
additionallyy suggests that mate availability was still sufficient. Offspring performance was 
positivelyy related with individual heterozygosity (CHAPTER 4), indicating that outcrossing is 
veryy important to maintain fitness. 

Consideringg the rapid decline of A. montana during the last decades, genetical 
reinforcementt of small populations from other populations by sowing or planting may be an 
importantt management tool to prevent this species from extinction in The Netherlands. 
However,, a negative consequence of mixing gene pools might be the reduction of plant 
fitnesss as coadapted gene complexes are disrupted. In a four-year field experiment, 
demographicc consequences of inbreeding and outbreeding in five populations of varying size 
weree analysed on plants introduced as seeds and as seedlings (CHAPTER 5). Low cross-
compatibilityy in one small population was responsible for a significant "heterosis" effect on 
seedd set. Significant, but low, inbreeding depression was observed for growth rates of plants 
introducedd as seedlings. We found significant heterosis for flowering probability of plants 
introducedd as seeds, but for plants introduced as seedlings, heterosis for seedling size and 
floweringg probability was only marginally significant. Although no outbreeding depression 

108 8 



SUMMARY Y 

wass observed in the Fi, it may still be expressed in thee forthcoming generations as 
recombinationn of genes start to break up the coadapted gene complexes associated with local 
fitness.. It is not clear to what degree the observed heterosis may compensate this possible 
outbreedingg depression. Nevertheless, considering the rapid decline of A. montana in The 
Netherlands,, genetical reinforcement of the numerous small populations may be more 
importantt than the possible negative consequences of outbreeding depression. Another 
importantt argument to reinforce small populations genetically is the increase of S-allele 
diversity,, which is important for the production of seeds. 

Studiess of changes in reproductive biology in response to isolation and management of the 
short-livedd self-compatible G. germanica are presented in the last two chapters. 

Pollinationn experiments in two populations of G. germanica (CHAPTER 6) show that this 
speciess is self-fertile, but that pollinatorss are essential for the transport of pollen to the 
stigmas.. Although the mean seed set was relatively low (30%) in caged and unpollinated 
flowers,, it varied considerably between individuals (0-90%), suggesting differences in the 
abilityy of plants to autodeposit pollen on their stigma. There was no evidence for pollination 
limitationn in either population. The reduced seed set after hand selfing in one population 
indicatess some inbreeding effects on ovule or seed abortion, but in the other population such 
inbreedingg depression was not observed. A comparison of autofertility and ovule production 
perr flower with several other gentian species differing in life history (CHAPTER 6) confirmed 
thee hypothesis that the annual and biennial gentians are predominant selfers and that the 
perennialss are predominant outcrossers. In contrast to other biennials, however, G. germanica 
wass more similar to the perennial species, because of its poor autofertility. 

Inn 1997 and 1998, we investigated the spatial and temporal separation of anthers and 
stigmaa in relation to autofertility (CHAPTER 7). Dichogamy appeared to be very weak and 
variablee within individuals and is not expected to be an effective barrier against self-
fertilizationn in this species. Herkogamy varied significantly between individuals and between 
populations,, and was not correlated with plant and flower size. Autofertility was generally 
highh in all three populations. Only in one small population a negative correlation between 
autofertilityy and herkogamy was found. Here, most plants had the stigma positioned above the 
anthers,, while in the other two populations the stigma was positioned mainly in between or 
beloww the anthers. Comparing data from 1991 and 1992 with data from 1998, plants in one 
largee population had become less herkogamous and showed higher autofertilitty. We 
suggestedd that the dramatic reductions (bottlenecks) in population size and pollinator 
abundancee which were caused by changes in management have caused a selection for plants 
withh a smaller anther-stigma separation and consequenctly a higher autofertility. Through this 
mechanism,, human influence can have profound effects on the reproductive success and 
evolutionn of rare plant species, even in the context of nature conservation. 
Thiss thesis clearly shows that populations of formerly common, but currently rare plant 
speciess suffer from the fragmentation and deterioration of their habitat. Although there are 
somee indications that populations of short-living species,like G. germanica, can adapt to the 
changingg habitat conditions, evolutionary processes in long-lived species, like A. montana, 
mayy in the long run not be able to match the pace of habitat change, because of the loss of 
geneticc variation and the reduced fitness associated with small population sizes. In such small 
populations,, the the risk of extinction is increased and the ability to regenerate after ecological 
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habitatt restoration reduced. Hence, we should no longer wait, and increase our efforts to 
restoree genetic variation and fitness of small populations, before it is too late ! 
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Samenvatting Samenvatting 

Veell  voorheen algemene plantensoorten zijn tegenwoordig zeldzaam en bedreigd door 
fragmentatiee en degradatie van hun natuurlijke habitats. Dit is grotendeels te wijten aan 
toenemendee menselijke activiteiten. Verdwijnen van geschikt habitat zorgt ervoor dat veel 
natuurgebiedenn klein zijn en van elkaar geïsoleerd zijn komen te liggen. Hierdoor is de 
populatiegroottee van veel plantensoorten ook kleiner geworden en is het contact tussen 
populatiess onderling verminderd. Dit kan tot lokale extinctie leiden, doordat de genetische 
variatiee en vitaliteit van de nakomelingen is afgenomen als gevolg van respectievelijk 
genetischee drift (een toevalseffect) en inteelt (paring tussen door afstamming aan elkaar 
verwantee individuen). Bovendien zijn kleine plantenpopulaties gevoelig voor een verlies van 
reproductieff  succes, omdat ze door bestuivers niet worden gevonden (het Allee-effect) of 
doordatt het aantal geschikte partners voor kruisbestuiving is afgenomen door drift. Behalve 
populatiegroottee heeft het voortplantingssysteem een belangrijke invloed op de genetische en 
demografischee processen in kleine en gefragmenteerde plantenpopulaties. 

Inn dit proefschrift worden genetische en demografische aspecten onderzocht van twee 
bedreigdee plantensoorten met een verschillende levensstrategie: de kortlevende Duitse 
gentiaann (Gentianella germanica) en het langlevende Valkruid {Arnica montana). Beide 
soortenn zijn bedreigd en komen voor in kleine, geïsoleerde halfhatuurlijke biotopen in een 
sterkk versnipperd landschap. De Duitse gentiaan is altijd zeldzaam geweest in Nederland, 
omdatt de soort kenmerkend is voor kalkgraslanden, die alleen maar voorkomen in het zuiden 
vann de provincie Zuid-Limburg. Valkruid daarentegen is een karakteristieke soort van 
voedselarmee heischrale graslanden en heidevelden. Tot in het begin van 1900 was Nederland 
grotendeelss bedekt met heidevelden, afgewisseld met hoogveen, en was Valkruid een zeer 
algemenee soort. Ontginning, ontwatering en bebossing van het heidelandschap hebben het 
leefgebiedd vooral sinds de tweede wereldoorlog sterk verkleind en versnipperd. Bovendien 
heeftt depositie van stikstof en andere stoffen vanuit de lucht de bodem verrijkt en verzuurd, 
waardoorr de bodem veranderde ten nadele van soorten die hun optimale groeiomstandigheden 
hebbenn in voedselarmere milieus. Daarnaast is Valkruid veelvuldig verzameld in het wild 
voorr allerlei medicinale doeleinden. Al deze factoren hebben er toe geleid dat Valkruid 
momenteell  in Nederland sterk in haar voortbestaan bedreigd wordt. Ondanks het feit dat 
Valkruidd wettelijk beschermd is sinds 1973 en, naast Otter en Korhoen, één van de 
aandachtssoortenn is die genoemd worden in het Natuurbeleidsplan van 1990, gaat de 
achteruitgangg van de soort nog steeds met een alarmerende snelheid door. 

Kenniss van de demografische en genetische processen in kleine en gefragmenteerde 
plantenpopulatiess is van groot belang om hun levensvatbaarheid in te kunnen schatten en op 
langeree termijn veilig te kunnen stellen. In dit proefschrift wordt in het bijzonder aandacht 
gegevenn aan de relaties tussen de bestuivingsbiologie, het voortplantingssucces (de mate van 
kruis-- of zelfbestuiving), de genetische variatie en de individuele prestaties van planten. 
Populatiess die sterk zijn achteruitgegaan in grootte worden vergeleken met nog "normale", 
grotee populaties, hoewel ook de laatstgenoemde vaak sterk geïsoleerd zijn. 

Hett proefschrift bestaat uit zes hoofdstukken. De eerste vier beschrijven onderzoek naar 
eenn groot aantal van de bovengenoemde factoren die belangrijk zijn voor de vitaliteit van 
Nederlandsee Valkruidpopulaties. De laatste twee hoofdstukken beperken zich tot aspecten van 
dee reproductiebiologie in relatie tot het beheer van de kortlevende Duitse gentiaan. 

Eenn genotypering met behulp van allozymelectroforese van alle rozetten aanwezig in een 
proefvlakk van 10x10 meter in een middelgrote populatie van Valkruid suggereerde dat deze 
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soortt een klonale structuur vertoont, omdat dichte clusters van rozetten van hetzelfde 
genotypee waren (HOOFDSTUK 2). Rozetclusters met een open structuur bestonden uit meerdere 
genotypen,, hetgeen waarschijnlijk veroorzaakt werd door een zeer korte verspreidingsafstand 
vann de zaden. De meeste kiemplanten werden gevonden binnen de open rozetclusters of in de 
directee nabijheid van de bloeiende planten. Een bestuivingsexperiment in dezelfde populatie 
liett tevens zien dat deze soort zelf-incompatibel is, hetgeen betekent dat er door een genetisch 
mechanismee geen zaden gevormd worden als bloemen met hun eigen stuifmeel bestoven 
worden.. Een dergelijk zelf-incompatibiliteitssysteem verhinderd ook de kruisbestuiving 
tussenn twee individuen die hetzelfde genetische kenmerk hebben (ofwel hetzelfde S-allel 
bezitten).. Voor een goede kruisbestuiving zijn in een populatie veel verschillende S-allelen 
nodigg en dus ook een groot aantal verschillende individuen. De zelf-incompatibiliteit maakt 
Valkruidd afhankelijk van bestuivers voor de uitwisseling van compatibel pollen. Ondanks dit 
systeemm dat zelfbevruchting (en dus inteelt) tegengaat, had een klein aantal individuen in de 
populatiee wel een redelijke zaadzetting na kunstmatige zelfbestuiving. Kennelijk is het 
systeemm niet waterdicht. In een op Valkruid gelijkende Astersoort in Noord-Amerika werd 
gesuggereerdd dat wanneer het zelf-incompatibiliteitssysteem niet waterdicht is, je zou kunnen 
verwachtenn dat in kleine populaties, waar bezoek door insecten vaak onzeker is, het aandeel 
zelf-compatibelee planten toe zou nemen omdat deze planten wel zaad produceren, in 
tegenstellingg tot hun zelf-incompatibele soortgenoten. 

HOOFDSTUKK  3 gaat over een onderzoek naar de genetische variatie - gemeten met 
allozymenn - van 26 Valkruidpopulaties van verschillende grootte. In vergelijking met andere 
zeldzamee plantensoorten bleek dat Valkruid in Nederland zeer weinig genetische variatie 
bezit.. Bovendien hadden kleinere populaties een lagere polymorfïegraad, een lager aantal 
allelenn en een lagere genetische diversiteit dan grote. Genetische drift, een verschijnsel dat 
kann optreden wanneer een drastische reductie in het aantal individuen (een zg. 'bottleneck') 
plaatsvindtt is zeer waarschijnlijk verantwoordelijk voor deze lage genetische variatie. 
Opvallendd was de afwezigheid van een relatie tussen de waargenomen heterozygotie van de 
plantenn in het veld en de populatiegrootte, hetgeen verwacht zou worden wanneer ook inteelt 
inn kleine populaties plaatsvindt. Over het algemeen vertoonden de kleine populaties juist een 
heterozygotenoverschott in verhouding tot een genetische evenwichtssituatie. Het is goed 
mogelijkk dat de planten in de huidige kleine populaties de laatste overlevers van de 
voormaligee grotere populaties zijn. Wanneer en hogere heterozygotie samengaat met een 
beteree overleving zou te verwachten zijn dat de resterende planten indedaad vooral 
heterozygoott zouden zijn. 

Behalvee een lage genetische variatie vertoonden de populaties een relatief hoge genetische 
differentiatiee ten opzichte van vergelijkbare niet zeldzame soorten, hetgeen impliceert dat 
uitwisselingg van genen tussen de populaties zeer laag is. 

Voortss bleek ook de zaadzetting positief gecorreleerd te zijn met populatiegrootte. In een 
zelf-incompatibelee soort is het niet duidelijk of dit veroorzaakt wordt door een tekort aan 
bestuiverss of door een tekort aan S-allelen (zie boven). Ook de kiemplantgrootte, het aantal 
bloeistengelss en hoofdjes, de overleving van adulte planten en de totale vitalititeit (berekend 
uitt de afzonderlijke vitaliteitskenmerken) waren significant lager in kleine populaties. Er werd 
echterr geen verband gevonden tussen de prestaties van de nakomelingen in de kas en de 
genetischee diversiteit van de ouderplanten in het veld. We concludeerden dat de vitaliteit in 
kleinee populaties significant lager is, maar dat dit niet (of slechts in geringe mate) veroorzaakt 
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iss door inteelt, maar eerder door effecten van de slechte omgevingsomstandigheden op de 
resterendee moederplanten. Kennelijk is het zelf-incompatibiliteitssysteem effectief genoeg om 
zelfbevruchtingg en het daaraan gerelateerde verlies van vitaliteit tegen te gaan. 

Uitt de vorige twee hoofdstukken is gebleken dat fragmentatie en populatiegrootte een 
negatieff  effect hebben op de zaadproductie in een soort die afhankelijk is van bestuivers en/of 
kruisbestuivingg (S-allelen). In HOOFDSTUK 3 kon hierover geen uitsluitsel gegeven worden, 
maarr omdat Valkruid tot de familie van de samengesteldbloemigen (Asteraceae) behoord, een 
familiee die door een groot aantal verschillende insectengroepen bezocht wordt, kon verwacht 
wordenn dat de soort minder last zou hebben van een tekort aan bestuivers dan van een tekort 
aann S-allelen. Een tekort aan bestuivers in kleine populaties kan zoals hierboven werd gesteld 
leidenn tot een toename in het aantal individuen dat tot zelfbevruchting in staat is, als gevolg 
vann selectie voor het produceren van zaden. Zelfbestuiving leidt echter tot een toename in 
homozygotiee en dus tot een afname van de vitaliteit (inteeltdepressie). 

Eenn analyse van de bloembezoekers en hun visitatiefrequentie in relatie tot de dichtheid 
vann bloemhoofdjes in één grote en één kleine populatie (HOOFDSTUK 4) liet zien dat Valkruid 
inderdaadd door verschillende insectengroepen bezocht wordt, zoals allerlei soorten vliegen, 
zweefVliegen,, vlinders, honingbijen, solitaire bijen, hommels, kevers en wantsen. All e 
waargenomenn bezoekers hadden zowel stuifmeel van Valkruid als stuifmeel van andere 
bloeiendee plantensoorten op hun lijf . Gezien hun relatief hoge aantal, de hoeveelheid 
Valkruidstuifmeell  op het lichaam en visitatie-frequentie van zweefVliegen en bijen namen we 
aann dat deze groepen potentieel de meest efficiënte bestuivers waren. Er werd geen verschil 
gevondenn tussen de grote en de kleine populatie en tussen proefVlakken met verschillende 
dichthedenn aan bloemhoofdjes voor het aan het aantal keren dat een individu bezocht werd en 
hett totaal aantal bezochte hoofdjes per individu. Het bezoek per bloemhoofdje was twee keer 
zoo hoog in het proefvlak met lage dichtheid aan hoofdjes dan in het proefvlak met een hoge 
dichtheid.. De visitatiefrequentie per bloemhoofdje in de kleine populatie was gelijk aan het 
proefvlakk met lage dichtheid aan hoofdjes in de grote populatie. De gemiddelde 
visitatiefrequentiee per hoofdje in de kleine populatie was hoger dan in de grote populatie. 

Wee hebben geen aanwijzing gevonden voor een toename van het aantal zelfbevruchtende 
individuenn noch voor een afbraak van het zelf-incompatibiliteitssysteem in kleine populaties 
(HOOFDSTUKK  4). Hoge waarden voor de mate van uitkruising in de kleine en twee grote 
populatiess suggereerden tevens dat het zelf-incompatibiliteitssysteem nog goed functioneert. 
Interessantt was het feit dat het aantal pollendonoren (vaders) per bloemhoofdjes in de kleine 
populatiee hoger was dan in twee grote populaties. Dit is in overeenstemming met de hogere 
visitatiee per bloemhoodfje in die populatie, en suggereert tegelijkertijd dat er nog voldoende 
S-allelenn aanwezig waren. Kruisbestuiving, dat leidt tot een hogere mate van heterozygotie, is 
belangrijkk voor het behoud van een hoge vitaliteit van de nakomelingen. Een positief verband 
werdd namelijk gevonden tussen de heterozygotiegraad van individuen en de grootte die ze na 
dezelfdee groeitijd in de kas hadden bereikt (HOOFDSTUK 4). 

Gezienn de snelle achteruitgang van Valkruid in Nederland zou een genetische versterking 
vann de resterende populaties door middel van uitzaaien of uitplanten van individuen uit 
anderee populaties een belangrijke beheermaatregel kunnen zijn om de soort niet uit ons land 
tee laten verdwijnen. Het mengen van genetische variatie van twee of meerdere populatie kan 
echterr leiden tot uitteeltdepressie ('outbreeding depression') ofwel het verlies van vitaliteit 
vann de nakomelingen door kruising tussen populaties of zelfs ver uit elkaar staande planten. 
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Uitteeltdepressiee kan ontstaan door de verbreking van gunstige genencomplexen die ofwel 
ontstaann zijn door adaptatie aan de lokale omstandigheden of doordat sommige combinaties 
vann genen een positieve invloed hebben op de vitaliteit van de planten, onafhankelijk van het 
milieuu waarin ze voorkomen. 

Inn een veldexperiment van vier jaar zijn de demografische gevolgen van zelfbevruchting, 
kruisbestuivingg binnen en kruisbestuiving tussen populaties onderzocht. Nakomelingen van 
vij ff  populaties van verschillende grootte werden geïntroduceerd als als zaden en als kleine 
kiemplantenn (HOOFDSTUK 5). De zaadzetting na zelfbestuiving was significant lager dan na 
beidee kruisbestuivingsexperimenten (binnen en tussen populaties). Opvallend was het hogere 
aantall  zaden na kruisbestuiving tussen verschillende populaties in tegenstelling tot 
kruisbestuivingg binnen populaties. Dit verschil werd voornamelijk veroorzaakt door het feit 
datt de zaadzetting in één van de kleine populaties zeer laag was. Dit is zeer waarschijnlijk het 
gevolgg van een tekort aan S-allelen in die populatie. Versterking van de populatie met nieuwe 
individuenn als zaad of plant leidt in ieder geval tot een toename van het aantal S-allelen, de 
kruisbaarheidd en uiteindelijk de zaadzetting. 

Inn hetzelfde experiment vonden we significante inteeltdepressie (verlies van vitaliteit na 
zelfbestuiving)) voor de groeisnelheid van planten geïntroduceerd als zaailing maar niet voor 
plantenn geïntroduceerd als zaad. De planten die waren geïntroduceerd als zaad afkomstig van 
kruisbestuivingenn tussen populaties hadden een grotere kans op bloei dan planten afkomstig 
vann binnen-populatie kruisbestuivingen. Planten die waren geïntroduceerd als kiemplant 
vertoondenn een marginale toename in grootte en bloei na kruisbestuivingen tussen populaties. 
Inn de vier jaar van het experiment hebben we alleen een toename van vitaliteit (heterosis) 
geconstateerdd en vonden we geen aanwijzingen van een afname van vitaliteit door uitteelt, 
maarr dit kan alsnog optreden in latere generaties. De meerjarigheid van Valkruid zorgt er 
tevenss voor dat generaties overlappen (in tegenstelling tot eenjarige soorten), zodat het nog 
velee generaties kan duren voordat er uitteeltdepressie kan worden waargenomen. Het is dan 
ookk niet duidelijk in hoeverre de verkregen heterosis na uitkruising met andere populaties 
eventuelee uitteeltdepressie kan compenseren. Dit resulteert in de moeilijke vraag of we 
moetenn wachten met het uitzaaien of bijplanten van Valkruidpopulaties vanuit andere 
populatiess of dat er meer onderzoek naar uiteeltdepressie nodig is. De bestaande gegevens in 
dee literatuur suggereren dat het verlies van prestaties door uitteeltdepressie doorgaans slechts 
geringg is en vooral optreedt bij kruisingen over zeer grote afstanden (> 100 km). Mede op 
basiss hiervan zijn wij van mening dat gezien de huidige snelle achteruitgang van Valkruid in 
Nederlandd er weinig wachttijd over is, en dat genetische versterking van de vele kleine 
populatiess belangrijker is dan de misschien mogelijke nadelige gevolgen van uitteelt. Een 
belangrijkk argument vóór genetische versterking is de toename in de diversiteit van S-allelen 
diee erdoor ontstaat. Dit zal ervoor zorgen dat in ieder geval de productie van nakomelingen 
weerr hersteld wordt. 

Dee laatste twee hoofdstukken behandelen studies naar de bestuivings- en reproductiebiologie 
vann de Duitse gentiaan in relatie tot isolatie en beheer. 

Bestuivingsexperimentenn in twee populaties van de Duitse gentiaan (HOOFDSTUK 6) 
toondenn aan dat bestuivers essentieel zijn voor het transport van stuifmeel uit de antheren naar 
dee stempel. Wanneer insectenbezoek aan de bloemen werd verhinderd en de bloemen niet met 
dee hand werden zelf- of kruisbestoven (spontane zelfbestuiving), was de zaadzetting relatief 
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laagg (30%). Spontane zelfbestuiving varieerde echter tussen de verschillende individuen (0 
-90%),, hetgeen suggereerde dat er verschillen waren in de mate waarin bloemen in staat zijn 
hunn eigen stuifmeel op de stempel te deponeren (autofertiliteit). Dit verschijnsel werd 
toegeschrevenn aan de mogelijke variatie in temporele (dichogamie) en ruimtelijke 
(herkogamie)) scheiding van meeldraden en stempel. In twee verschillende populaties werden 
geenn aanwijzingen gevonden voor pollenlimitatie. Met andere woorden, er waren voldoende 
bestuiverss aanwezig om tot een goede zaadzetting te komen. Een lagere zaadzetting na 
zelfbestuivingg met de hand in één van de twee populaties toonde aan dat inteelt in enige mate 
hett aantal zaadknoppen en ontwikkelde zaden reduceerde. 

Eenn vergelijking van spontane zelfbestuiving en het aantal zaadknoppen per bloem voor 
verschillendee gentiaansoorten met verschillende levenstrategie (HOOFDSTUK 6), op basis van 
dee eigen data en literatuurgegevens, liet zien dat één- en tweejarige gentianensoorten 
voornamelijkk zelfbestuivers zijn en dat de meerjarige voornamelijk kruisbestuiven. Met name 
dee laatste groep is dus afhankelijk van bestuivers. In tegenstelling tot de andere tweejarigen 
bleekk de Duitse gentiaan in Nederland meer een kruisbestuiver te zijn dan een zelfbestuiver en 
duss eerder vergelijkbaar met de meerjarige soorten. 

Inn 1997 en 1998 werden de tijdelijke en ruimtelijke scheiding van meeldraden en stempels 
onderzochtt in relatie tot de autodepositie van eigen pollen op de stempel (HOOFDSTUK 7). 
Dichogamiee was zwak in de Duitse gentiaan en variabel binnen individuen. Het is naar onze 
meningg geen effectieve barrière tegen spontane zelfbestuiving. Herkogamie daarentegen 
varieerdee significant tussen de individuen en populaties en was niet gecorreleerd met plant- of 
bloemgrootte.. Autofertiliteit was relatief hoog in alle drie de populaties. In één kleine 
populatiee werd een negatief verband tussen de mate van herkogamie en autofertiliteit 
gevonden.. In deze populatie waren de stempels meestal duidelijk boven de meeldraden 
gepositioneerd,, terwijl de stempels in de andere twee populaties vornamelijk op gelijke 
hoogtee of beneden de meeldraden waren geplaatst. Uit een vergelijking met gegevens uit 1991 
enn 1992 voor één van de populaties bleek dat de gemiddelde afstand tussen meeldraden en 
stempell  in 1998 kleiner was geworden en de planten een hogere autofertiliteit vertoonden. 
Eenn mogelijke verklaring voor dit verschijnsel is een verandering in het maaibeheer in dit 
reservaat,, waardoor de niet alleen de populatie van de Duitse gentiaan en andere bloeiende 
plantenn herhaaldelijk drastisch werd gereduceerd, maar ook de insectenfauna. Onder deze 
omstandighedenn zou er selectie kunnen hebben plaatsgevonden voor planten die nauwelijks of 
geenn herkogamie vertoonden, omdat deze een hogere autofertiliteit hebben en zonder 
bestuiversbezoekk dus veel meer zaden produceren. Deze studie laat zien dat menselijke 
invloedd een belangrijke rol kan spelen in de reproductie en evolutie van zeldzame 
plantensoorten,, zelfs wanneer deze menselijke invloed plaatsvindt in het kader van 
natuurbescherming. . 

Dee onderzoeksresultaten die in dit proefschrift worden gepresenteerd laten duidelijk zien 
datt populaties van ooit algemene en nu bedreigde plantensoorten te leiden hebben van de 
fragmentatiee en verslechtering van hun habitat. Hoewel er indicaties zijn dat populaties van 
kortlevendee soorten, zoals de Duitse gentiaan, zich kunnen aanpassen aan de veranderde 
leefomstandigheden,, kunnen evolutieprocessen in langlevende soorten, zoals Valkruid, de 
snelheidd waarmee hun habitat verandert niet bijbenen, mede als gevolg van verlies van 
genetischee variatie en de vitalititeit van nakomelingen in kleine populaties. Deze populaties 
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hebbenn een verhoogde kans op uitsterven en een kleinere kans op herstel als de ecologische 
habitatomstandighedenn verbeterd worden. Daarom kunnen we niet langer wachten met het 
bundelenn van onze krachten om de genetische variatie en vitaliteit van onze kleine 
plantenpopulatiess te herstellen. We moeten actie ondernemen voordat het te laat is ! 
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Inn november 1996 was het zo ver, ik kon aan mijn promotieonderzoek beginnen. Hans, ik 
denkk dat ik jou toch als eerste wil bedanken, omdat ji j degene bent die het mogelijk heeft 
gemaaktt om financiering te vinden voor een promotieplaats. De afwezigheid van een 
hoogleraarr op onze afdeling gaf in eerste instantie ruimte voor een tweejarig project. 
Tegenslagenn tijdens zo'n korte aanstelling als promovendus zijn dan niet gewenst en werden 
dann ook, hoe kan het ook anders, op de voet gevolgd door 'Murphy'. Doordat de 
hoogleraarspositiee nog niet was opgevuld, ontstond de mogelijkheid om met jouw hulp en 
promotorr Steph Menken het promotieonderzoek in totaal met anderhalfjaar te verlengen. 
Hans,, als co-promotor wil ik je natuurlijk ook bedanken voor je kritische commentaren op 
mijnn onderzoeksgegevens en manuscripten. We hebben, samen met Gerard, toch vele uren 
aann die witte tafel gezeten, je weet wel, die met een misschien toch wel iets te laaghangende 
tl-verlichting,, maar misschien werd hierdoor je kritische blik alleen maar versterkt. Ik hoop 
datjee na mijn promotie ook nog tijd kunt vinden om de twee nog niet gepubliceerde en een 
derdee nog op te schrijven manuscript te voorzien van je commentaar en suggesties. 

Nuu de naam toch al genoemd is, wil ik Steph ook bedanken voor je rol als promotor 
alhoewell  ik niet bij jouw onderzoeksgroep behoorde. Desalniettemin stelde je het zeer op prijs 
omm mijn manuscripten van commentaar te kunnen voorzien. En natuurlijk was ik daar zeer 
blijj  mee. 

Dee volgende belangrijke persoon voor mijn promotieonderzoek is Gerard geweest. Ook al 
wordtt je hier pas als derde genoemd, zijn je inzet, tijd en geduld zeker een eerste plaats waard. 
Enn zoals je in eigen nawoord van je proefschrift hoopte, zijn wij inderdaad voor mijn 
promotieonderzoekk nog veel samen het veld ingeweest, bovendien bewapend met camera. 
Gerardd ik heb veel van je geleerd op het wetenschappelijk gebied en ik hoop ook ji j een beetje 
vann mij. Alhoewel het soms niet altijd meevalt om huis en werk te delen, denk ik toch dat wij 
onss er goed doorheen hebben geslagen, vooral tijdens de afrondingsfase van het proefschrift. 
Staann we nu samen in hetzelfde krijt . .. ? Een dikke kus ! 

Angelo,, Tom, Aaron, Dennis en Menno: dank julli e wel! Zonder julli e interesse en inzet 
inn de populatiebiologie van bedreigde plantensoorten was het mij in mijn eentje nooit gelukt 
all  deze gegevens te verzamelen die hier nu in het proefschrift staan of nog als publicatie 
opgeschrevenn moeten worden. Ik ben met veel plezier met julli e het veld in geweest en heb ik 
julli ee geholpen in het allozymelab. Tom en Aaron, helaas had ik niet meer voldoende tijd om 
ookk julli e onderzoeksgegevens op te nemen in dit proefschrift en dat vind ik erg jammer. Ik 
zall  het zeker op korte termijn opschrijven en mijn eigen nog niet gepubliceerde data eraan 
toevoegen. . 

Nico,, ook jou wil ik bedanken voor al de tijd en ervaring die je hebt ingezet om 
uiteindelijkk die vijf polymorfe en dan ook nog interpreteerbare loei te vinden in Valkruid. 
Voorr mijn gevoel was je altijd bezig om de verschillende buffersystemen te optimaliseren om 
duidelijkerr bandenpatronen te krijgen. Ook toen je niet meer officieel in dienst was van de 
Universiteitt en ik op mijn eigen kennis was aangewezen, kon ik nog altijd voor telefonische 
raadd bij je terecht als er problemen waren met de electroforesegels en kleuringen. Ik heb dit 
altijdd ontzettend in je gewaardeerd, dank je wel en ik hoop dat die vervelende pijn in je rug 
tochh wat minder wordt in de toekomst! 

Ludekk ,en later Harold en Thea, dank julli e wel voor het verzorgen, opkweken en verpotten 
vann toch al gauw zo'n 5000 Valkruidplanten. Ik heb het niet doorgegeven aan Floron, maar 
opp het terrein van het Science Park Amsterdam heeft een paar jaar de grootste populatie 
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Valkruidd gestaan (en dat is mischien nog steeds zo, ookal is de grootte net als in de natuur 
sterkk afgenomen). Ook wil ik Jan Bakker bedanken, die voordat Ludek kwam met ijzeren 
handd de kas bestuurde. Geen plant kwam de kas binnen zonder dat hij fatsoenlijk gelabeld en 
registreerdd was. Een belangrijke les en een vereiste om goede kasexperimenten te doen. 

Verderr wil ik binnen onze afdeling 'evolutionaire botanie' in het bijzonder mijn 
kamergenotee Albertine bedanken, omdat zij altijd klaarstond om te helpen met veldwerk, 
bloemenn meten en zaden tellen. IJverig en doelgericht stroopte je de literatuur af naar 
gegevenss over 'stijllengtevariatie' bij gentianen. De 'oude knarren' zoals je ze noemden 
hebbenn maar toch mooi een plekje gekregen in twee publicaties. Ik heb met veel plezier met 
jee samengewerkt en me nooit zorgen hoeven maken of alle niet voor de handliggende 
veldwerkbenodighedenn wel mee waren, want ji j toverde ze altijd wel uitje rugzak. 

Louiss ook jou dank voor je hulp bij het zaaien en meten van de vele kleine kiemplanten 
vann Valkruid en het tellen van de Gentianella germanica zaden. Daarnaast kwam je vaak 
langss om te vragen hoe het gaat en was je altijd wel in voor een gezellig gesprek. 

Guido,, ik wil jou ook danken voor je computerondersteuning. Als ik bij je aanklopte was 
datt in de regel voor minder leuke dingen, meestal omdat de computer het liet afweten. 
Gelukkigg kwam je altijd weer op zeer korte termijn langs om het euvel op te lossen. 

Eenn niet onbelangrijk deel van mijn promotieonderzoek bracht ik door in de bibliotheek. 
Dyoke,, Jelle en Diny dank julli e wel voor je onmiddellijke service en hulp bij het zoeken en 
opvragenn van de juiste literatuur. 

Eenn evenzo belangrijk onderdeel van je werkomgeving vormen je collega's. Labgenoten 
enn ex-labgenoten van het Hugo de Vries Laboratorium, julli e weten ook zonder bij naam 
genoemdd te zijn wel hoe gezellig ik julli e gezelschap vond. 

Alss laatste wil ik mijn lieve ouders bedanken omdat zij mij de gelegenheid hebben 
gebodenn te gaan studeren en me wanneer dit nodig was financieel hebben bijgestaan tijdens 
mijnn studie en promotieonderzoek. Mijn vriendin Mira vertelde mij een lange tijd geleden dat 
zijj  in Zwitserland op een autorruit de volgende sticker met tekst had gezien: 'sponsored by 
myy parents'. Als ik die had gehad, dan had ik deze vast en zeker ook opgeplakt. 
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