Stellingen

1. Voor de beoordeling van potentiéle barrieres in het landschap voor de genetische uitwissling
tusen plantenpopulaties is de menseli jke waaneming vag niet maagevend en kan
daadoor gemakkelijk tot onjuiste cnclusies leiden.

(Dit proefschrift, hoofdstuk 4)

2. Net als op de beurs geldt voor de keuzetussen bestuivingssystemen: grote risico's kunnen
leiden tot grote successen maa ook tot grote verliezen.

3. Als gevolg van hun gevoeligheid voor toevalseff ecten en specifieke omstandigheden,
noodzadt het onderzoek naa kleine populaties tot grotere seekproeven, die echter
moeili jk te verkrijgen zijn voor zddzame soorten.

4. Wellicht zou de mens autowegen moeten ervaren zoals de meeste organismen corridors: beide
moeten dan gewaadead worden als leefgebied en niet uitsluitend als verplaasingsroute.

5. Ook voor zwedvliegen geldt: onbekend maakt onbemind maa niet onbelangrijk.
(Dit proefschrift)

6. Het gebruik van de zinsneden ‘it is obvious' of ‘it is easy to se€ in theoretische atikelen dient
meestal slechts om te verhullen dat de uitleg te ingewikkeld isom in een kort bestek
uiteen te ztten.

7. Het Nederlandse systeem van acalemische titulatuur, waabij vier jaa gewerkt moet worden
omeen's teverliezen, leidt niet alleen tot veel verwarring onder buitenlandse
wetenschappers maa ook onder niet-acalemici in Nederland.

8. De asen aan de diplomatieke vaadigheden van promovendi stijgen exponentieel met de
toename van het aantal begeleiders.

9. De dgemene opvatting dat zwangerschap van wrouwelijke werknemers nadelige gevolgen
heeft voor de arbeidsproductiviteit, wordt door dit proefschrift weelegd.

10. Vroeger werd geleed dat klikken stout was, maa met het toenemend gebruik van Windows
blijkt dubbelklikken maaschappelijk wel aanvaadbaa.
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Voorwoord

Nu dan einddlijk, het laaste loodjeis het voorwoord. Ved later dan ik bedoeld had toen ik begon aan mijn
projed. De start was gemakkelijk: vol enthousiasme en goede moed veldwerk doen, honderden analyses
in het allozymlab en bezig met theoretische modell en. De praktijk bleek echter weeabarstig en het viel niet
meeom all e onderdelen evenved aandacht te geven. Ik heb moeten leren om zelf keuzes te maken,
cruciad in een dergelijk breed onderzoeksgebied en met zo ved begeleiders. Net als het omgaan met de
grote werkdruk bij de begeleiders en de noodza& om tijd te daimen. Niet bepadd mijn stijl en het hedt
me dan odk ved motivatie en tijd gekost. En hoewel ook promoveren relatief is, ben ik hed blij dat de
spreekwoardelijke laaste strohalm sterk genoeg bleek om de eéndstreep te halen.

Ik ben mijn promotores Wil ke van Delden en Jelte van Andel dan ook dankbaa voor het vertrouwen dat
zein me gesteld hebben. Zeker in de schrijffase, toen ik dat vertrouwen gekregen heb zonder dat er ved
garanties tegenover stonden. Het was voar iedereen hard werken, maa wel met resultaa. Kuke, ik ben je
kriti sche blik gaan waarderen, net als je streven om altijd mee herhalingen uit te voeren. Het onderzoek
en zeker ook mijn proefschrift iser ved beter van geworden. Franjo, de theorie is minder uit de verf
gekomen dan bedoeld, maa ik ben blij dat je me gesteund hebt om ervan te maken wat het geworden is.
Dank je voar alleswat ik van je gelead heb, over wetenschap, maa zeker odk daarbuiten. De
samenwerking bij de wiskundeaursussen blijft een bijzonder positieve @varing, waa ik de rest van mijn
leven nog ved aan zd hebben. Manja, ik wil je harteli jk bedanken voor defijnetijd. Ik was geen
veldbioloog, maa ben het dankzij jou toch een bedje geworden. Samen proeven doen, ik denk er met ved
plezier aan terug, hoewel het af en toe wd erg laa werd 's avonds. Zonder Joaop, Irisen Marije was dat een
stuk minder prettig geweest, dank julli e wel.

Nasst de langerrij direde begeleiders hebben vele anderen odk hun steentje bijgedragen. Collega’' s zijn
onmisbaa om de werkvreugde te bewaren. Jantien, mijn labmadje, samen profesor worden zit er niet
mee in... gelukkig ben je nu paranimf, toch een bedje samen promoveren. Michiel, Maaten en Joyce, wij
hadden een bijzonder fijne kamer, met ruimte voor zowel werk- als mee persoonlijke gesprekken.
Bedankt! Ook de andere mensen van het lab hebben ved bijgedragen aan de sfea: Albert, Andie (bedankt
voor develeliters buffer), Anique, Anneke, Han, Ido, Jan, Karen, Laurence, Louis, Marco, Remko, Rob,
detijdelijke gasten en later Désirée e Miguel. Het voorded van een samenwerkingsprojed is het contact
met anderen. De mensen van plantenoeal ogie gaven mij een frisse blik op het werk en ondanks de
afstand werd ik noait vergeten. Jacob en Sieze wil ik spedad bedanken, voar het verzorgen van onze
enorme hoevedheid planten en de hulp bij het verpotten. Wim en Liesbeth, samen in Limburg was een
bijzondere evaring waarbij ik van jullie e@ heleboal inseden en bloemen heb leren herkennen. Daana
kwamen nog mee studenten die kortere of langere tijd meedraaden in het projed: Pedro, Ben, Arjen,
Edwin, Ina, Irene, Aalke, Anna Denise, Niels en vele arrsisten Algemene Oelogie. Zonder julli e hulp
had ik nodt zoved gegevens kunnen verzamelen.

Wetenschap, waaonder ook het aio-schap, hedt a snel de neiging om je volledig op te slokken. Ik ben
blij dat ik toch tijd heb kunnen vrijhouden om te hofdansen, dungeons & dragons en andere spell etjes te
spelen, software te schrijven voor ASCI en familie en vrienden te blijven zien. Dank julli e allemad voor
de vele uren ontspanning en afleiding! Jan en Martha, frappant hoe julli e telkens zeiden 'dat wisten wij
allang' en mij intussen de gelegenheid hadden gegeven om zelf conclusies te trekken. Het magkte niet uit
welke bedlissng ik nam, maa we zijn allemad wel hed blij dat het proefschrift toch gelukt is. Ludmila,
het isnog hed spannend geworden, gefelicitead met je inhadrace:-) Hendrik-Jan, Wenda en de kleine

baby, woorden schieten te kort: ved li efsl
) \"\
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General introduction

Habitat fragmentation and stochastic processes

Human adivities often lead to the decline and deterioration of many natural ecosystems.
The remaining ‘undisturbed’ areas are often limited in size and of lower quality than the original
esystem. These habitat fragments can each sustain only small populations, which are isolated
by larger distances, less conneding corridors and more barriers compared to the original
situation. It is generally recognized that habitat fragmentation poses athrea to the persistence of
many species (Soulé 1986 Andrén 1994 Olesen and Jain 199%; Schemske € a. 1994 Y oung et
al. 1996 Kwak et a. 1998. For birds and mammals, it is estimated that patch size, isolation and
the quality of the surroundings sriously influencethe persistence of populations, when more
than 70% of the original habitat islost (Andrén 1994).

The organisms in the small and isolated populations, which have survived habitat
fragmentation, experience an increase in wulnerability due to stochastic processs (e.g. Barrett
and Kohn 1991 Caughley 19%; Schemske ¢ al. 1994). Threedifferent types of stochasticity are
distinguished: demographic, environmental and genetic stochasticity. Demographic stochasticity
is concerned with random variation in demographic parameters, like birth and deah of
individuals. One of the most visible caes of environmental stochasticity are cdastrophes.
sudden extinctions or severe reductions in population size, due to extreme anditions like
floodings, volcanic eruptions or epidemic diseases. As Mangel and Tier (1994 have stressd, the
occurrence of catastrophes will result in the eventual extinction of any population. For rare
species in fragmented habitats, these local population extinctions might well result in complete
extinction of the species. The impad of demographic and environmental stochasticity for
population extinctions is widely accepted. In contrast, empiricd evidence for population
extinctions, due to genetic stochasticity, is sarce and its importance for population persistenceis
possibly much smaller (e.g. Lande 1988 Caughley 1994 May 19%; Bijlsma  al. 1997).
Genetic stochasticity is aresult of increased random genetic drift and inbreeding in small and
isolated populations, which might result in a lower fitness and increased susceptibil ity to
demographic and environmental stochasticity (Van Treuren et al. 1993 Oostermeljer et al.
1994 Ouborg and Van Treuren 1995 Oostermeljer et al. 1998 Bijlsma d a. 2000. Together,
the negative effeds of isolation and small population size on fitnessare referred to as genetic
erosion, which might enhancethe etinction risk of small populations on alonger time scale.

Genetic erosion, gene flow and migration

Genetic eosion results from the combined adion of random genetic drift and increased
mating between relatives in small and isolated populations. Due to random sampling effeds,
neutral alleles at polymorphic loci have a cetain probability to get lost, depending on their initial
frequency, do. The probability of lossis 1-qp (Hartl and Clark 1989. Thus, rare dleles get lost by
chance more often than common alleles. This occurs, though with lower probability, even when
they are beneficial. Lossof alleles will automatically result in a lower frequency of heterozygous
genotypes and an increase in homozygosity for common alleles. The resulting decline in overall
heterozygosity is often correlated with a lower mean fitness (Frankham 1996. However, fithess
is not necessarily always deaeased. Aslong as the ammmon alleles are beneficial in the
homozygous gate (or less deleterious than rare alleles), increased homozygosity might be
advantageous. But even in that case, the lossof alleles will reduce the potential to adapt to future
changing environments, implying arisk for long-term persistence (Bijlsma & a. 1997).



In small populations, the frequency of mating between relatives might not only be higher
due to an increased average relatednessbetween individuals. Changes in mating petterns might
occur aswell, leading to additional (biparental) inbreeding and a further increase in overall
homozygosity (Hartl and Clark 1989. Inbred individuals become homozygous for many genes
simultaneously, which is generally aciompanied by a deaease in fitness, called inbreeding
depression (e.g. Schemske and Lande 1985; Charlesworth and Charlesworth 1987h Van Treuren
et a. 1993%; Frankham 19%; Bijlsma & a. 1997 Bijlsma & al. 2000. Together, in small and
isolated populations, random genetic drift and inbreeding will result in aloss of alleles, lower
genetic variation and increased homozygosity, with usually negative effeds on individual fitness
and consequently on the mean fitnessof the population. The rate at which these processes
operateis linearly related to the size of the population, N. The mean heterozygosity deaeases
with a percentage equal to 1/2N, dueto random genetic drift. The increase in relatedness
represented by the inbreeding coefficient F, is similarly related to the population size acording
to AF = 1/ 2N (Hartl and Clark 1989. Thus, both random genetic drift and inbreeding are more
important in small than in large populations, resulting in a positive @rrelation between genetic
variation (and overall heterozygosity) and population size Indeed, a positive crrelation between
population sizeand genetic variation was reported, for example, for Dutch populations of Salvia
pratensis and Scabiosa columbaria (Van Treuren et al. 1991), Gentiana pneumonanthe
(Oogermeijer et a. 1994 and several orchid spedes (Den Nijset al. 1998. In contrast, Swedish
populations of Scabiosa and other grassland species did not show such a crrelation (Berge 4 al.
1998 Waldmann and Andersson 1998. A correlation between genetic variation and population
size might be obscured by several confounding fadors, influencing petterns of genetic variation
and heterozygosity. Such fadors are, for example, the history of the population, the degreeof
gene flow between subpopulations, natural seledion favouring relatively heterozygous
individuals with a higher fitness and deviations between the cesused number of individuals and
the dfedive population size

The impad of random genetic drift is higher when the effedive population sizeis
smaller. Several factors reducethe dfedive population size below the number of individuals
present. Such reductions in eff ective population size occur after bottlenecks in population size, if
only a fradion of all individuals reproduces, when mating is not random, when subsequent
generations overlap or other deviations from the assumptions of an ideal population occur (Hartl
and Clark 1989. In contrast, gene flow between subpopulations can increase the effedive
population size, relative to the number of individuals present in the subpopulation. When gene
flow occurs, more individuals contribute their genes to the next generation, counteracting the
negative fitnessconsequences of small population size and isolation, thus slowing down the
processof genetic erosion. As arule of thumb, the exchange of one migrating individual per
generation should be sufficient to prevent further genetic differentiation between subpopulations
(Hartl and Clark 1989 Ellstrand and Elam 1993. Due to gene flow, the effedive population size
of all conneded subpopulations together can be enlarged and genetic erosion may be prevented.

In general, gene flow comprises dispersal of both individuals and gametes. The genetic
effeds on population structure ae comparable, but dispersal of individuals has the alditional
advantage that it offers an oppartunity to escgpe locally bad conditions and to colonize new
habitats (Slatkin 1987; Lesica and Allendorf 199%; Levin 199%; Webb 1998. At the species
level, survival under temporally hostile environmental conditions depends on the possibility of
succesdul gene flow. In case of gene flow to previously uninhabited areas, these mlonizaions
result in expansion of the range of occurrence of the species. Given itsimpad on colonization,



genetic differentiation between subpopulations and eff edive population sizes, gene flow might
be very important for the distribution and persistence of spedes (Nichols and Hewitt 1994
Neigel 1997; Richards et al. 1999. Indeed, the spatial distribution of scarce vascular plantsin
Gred Britain, for example, was related to their dispersal cgpaaty (Quinn et al. 1994). Spedes
with low dispersal ability showed a high degreeof genetic differentiation, due to isolation
between subpopulations. Good dispersers generally have ahomogeneous population structure,
but at the margins of their geographicd distribution they may also show genetic differentiation,
caused by a high frequency of founder effeds. Consequently, intermediate-dispersing species
had a lessclustered distribution than more extreme dispersal types.

Geneflow in plants

Contrary to animals, most plants can not actively migrate between patches of suitable
habitat, due to their sessle life style. Gene flow occurs mainly by means of seeds and pollen
grains. Colonization of new habitats and gene flow between existing populations can occur by
dispersal of sedls, if followed by successful establishment. Seed dspersal, followed by
succesdul establishment, increases the size of the recipient population and contributes to the
exchange of genetic material. Dispersal of pollen grainsisonly effective if fertilization occurs
and seeds are produced. Thus, effedive pollen flow only occurs between already existing
populations and it has no dired effect on the number of individuals in the recipient population.
However, pollen flow might have important consequences for gene flow and the prevention of
genetic differentiation between subpopulations.

Dispersal of sealsisa ammmon mode of gene flow for plants. Migration distances of
seals are generally limited, but they can vary up to several kilometers for some plant species.
Sedl dispersal distances depend on seed charaderistics, like size and shape and on the mode of
dispersal (e.g. Poschlod et al. 1996 Van Dorp et a. 1996 Kleijn et al. 1997). Heavy sedls,
which are dispersed by gravity, typicaly disperse only over avery short distance while animals
might disperse light or sticky seeds over several kilometers (Fischer et a. 1996. A comparable
diversity in transport mechanisms exists for the dispersal of pollen grains. They can be
transported by abiotic vedors like wind and water, or by biotic vedors, such as inseds, birds or
mammals (Real 1983; Bos et a. 1986 Van Dijk 1987 Linhart and Grant 1996 Keans et al.
1998. Especially for the large group of animal-pollinated plants, the dispersal of pollenis
strongly dependent on eclogical fadors influencing the behaviour of the animals. As for seed
dispersal, pollen dispersal distances are usually limited as well, irrespedive of the dispersal
mechanism. Pollen dispersal distances typically show a leptokurtic distribution (Figure 1), with
most dispersal over short distances and incidental dispersal over much larger distances (e.g.
Morriset a. 1995 Webb 1998.
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Figure 1. Theoretical leptokurtic distribution of
pollen dispersal with distance

Despite the generally restricted dispersal of seeds and pollen grains, gene flow between
subpopulations apparently occurs regularly. Absence of genetic differentiation between plant
populations and thus sufficiently high levels of gene flow were frequently reported (e.g.
Campbell and Dooley 199; Krauss199%; Linhart and Grant 1996 Berge et a. 1998. Several
studies distinguished between gene flow by seeds or by pollen, based on the fad that different
parts of the plant genome disperse specificdly via seeds or pollen grains. In dioecious conifers,
gene flow can be measured for maternal, paternal and dparentally inherited genomes sparately.
Mitochondrial genes are maternally inherited, chloroplast genes paternally and nuclear genesvia
both parents. In these wind-polli nated species pollen (concerning only paternal genes) dispersed
all over the population, but seeds (maternal and paternal genes) dispersed only locally, resulting
in different degrees of isolation depending on the type of genome studied (Hu and Ennos 1997
Latta @ al. 1998. Differences in the relative importance of seed and pollen dispersal might be
expected between wind-polli nated and animal-pollinated plants. Because animal behaviour is
thought to be highly local, the relative importance of pollen dispersal for the prevention of
genetic differentiation might be expected to be lower in animal-polli nated plants. Pollen
dispersal might even be more restricted than seed dispersal. However, pollen flow was found to
be less restricted than seed dispersal for several animal-pollinated plants (Krauss1994 Pedkall
and Bedtie 199%; Berge & a. 1998. These results show that pollen flow can have asubstantial
influence on patterns of gene flow and the genetic structure of plant populations. Especially in
animal-polli nated plants, gene flow by pollen might be highly dependent on emlogicd fadors,
influencing the foraging strategy of the pollinators (Richards et al. 1999.

This thesis will focus on the interadions between plants and their animal pollinators and
the aonsequences of these interadions for gene flow by pollen. Attention is direded to changes
in pollinator foraging behaviour in response to variation in ecological parameters, which are
related to the spatial structure of the plant population. The amount of gene flow between
populations, relative to the amount of within-population pollination, is quantified, to assessthe
opportunity for genetic drift and inbreeding.



Geneflow by pollinators

Dispersal of pollen grains by animal vedorsis advantageous for a plant because pollen
transfer can be manipulated. If aplant is siccesdul in stimulating its pollinatorsto fly preferably
between plants of the same species (to be ‘ flower constant’), it can reducethe lossof pollen
grains, never reading conspecific stigmas. Pollinatorsthat switch very often between plant
species, are likely to waste most pollen grains on stigmas of a different plant species, resulting in
very low polli nation efficiency. However, enhancing pollination efficiency might be wstly to the
plant, because polli nators visit plants for their own benefit. Polli nation of the plant is just aside
effed of pollinator foraging behaviour, although their foraging strategy is crucial for the pattern
of pollen flow experienced by the plant. For this reason, many plants provide pollinators with
resources like nedar, pollen, seaondary plant metabolites, shelter or mates (Real 1983.
Although providing these rewards can be very costly to the plant, it might increase the fidelity of
the polli nators and reducethe lossof pollen on stigmas of different plant species (Pyke 1991).

Plants can further influencetheir polli nation efficiency by selecting certain pollinator
species. For example, nedar produced in flowers with spurs or deep corollas will be acessible to
long-tongued bumblebees only (Comba ¢ al. 1999%). If nedar production is high, the
bumblebees will restrict their foraging to such a plant species, resulting in high pollination
efficiency. Alternatively, restriction of nedar rewards might result in a shift to other pollinator
species, which have different pollen dispersal charaderistics. Butterflies and pollen-colleding
insedsread less $rongly to nedar production than (bumble)bees, who neal to satisfy both their
own high energy demands and those of the individuals in the nests (Herrera 1987 Corbet et al.
1995 Kwak and Velterop 1997. Which polli nator spedes will be dtracted, depends on the type
of reward offered by the plant, its quantity and the acessibility to the pollinator (Comba d al.
199%).

Charaderistics of the pollinator species determine the efficiency of pollination and
patterns of pollen flow (Table 1, Herrera 1987 Corbet et al. 1995 Harder and Barrett 199%).
Removal of pollen from anthersis generally very effective for large and hairy pollinators, like
(bumble)bees. Also pollen-colleding inseds, which either ea the pollen themselves or feed it to
their larvae are efficient in pollen uptake, athough the subsequent deposition of pollen on
stigmas might be very low (Conner et a. 1995. Purity of pollen loads is another important
measure of pollinator efficiency. Waste of pollen on foreign stigmas is expeded to be low for
specialist visitors, but the latter are probably rather exceptional (Waser et a. 1996. ‘Generalist’
pollinator species on the other hand can deposit relatively large amounts of conspecific pollen as
well, if they show flower constancy at the level of the individual polli nator. Flower constancy is
known to occur regularly for (bumble)bees, but has recently been shown to exist in syrphid flies
aswell (Goulson and Wright 1998. In contrast, many inseds, including butterflies, behave often
as generalist foragers, visiting many different plant species (Waser et a. 1999.



Table 1 Differences between spedali s and generali & flower visiting inseds in some daracteristics, important
with resped to pollination value. Only general indications are given, in individual pollination systems deviations
can ocaur.

Spedalist Generalist
Number of individuals small large
Vidit rate high variable, often low
Pallen uptake high variable, often low
Pall en deposition low high
Flower constancy high low
Flight distance small variable
Spedes bumbl ebees, honeybees, some butterflies bumblebees, flies, butterflies

Besides the dficiency of pollen transport, the distance over which pollen flow ocaurs, is
also influenced by the pollinator species. Butterflies usualy fly relatively large distances
between subsequent flower visits (Schmitt 1980, whereas bumblebees mainly fly between
neaest neighbours, becaise of their high energy demands (e.g. Harder 1988 Keasar et al. 1996
Chittka @ al. 1997). Such differences in pollinator flight distances might be translated into
different distances of pollen transfer and subsequent variation in patterns of genetic
differentiation.

Charaderigtics as flower constancy, visitation rate and flight distances are not fixed for
pollinator species, but can be influenced by the plants. For example, the dtractivity of a plant can
be increased by alarge floral display (Harder 1988 Goulson et al. 1998 Le Corff et al. 1998
Vaughton and Ramsey 1998. This increased attradivity might be refleded in a higher number
of visits to the plant and more flowers visited per approach (De Jong et a. 1992 Velterop and
Kwak 1997. High attractivity, which increases pollinator visitation rates, might be espeaally
important for very small populations, otherwise overlooked by polli nators (Richards et al. 1999.
Alternatively, pollinator behaviour can ke influenced by the production of rewards. Larger nedar
rewards induced bumblebees to make longer flower visits, to visit more flowers on the same
plant and to fly shorter distances between subsequently visited plants (Klinkhamer et al. 1991;
Conner et al. 1995 Keasar et al. 1996. Such longer visitation sequences and shorter flight
distances increase the frequency of self-pollination and result in locally restricted pollen flow.

Patterns of pollen flow depend on the dficiency of pollen transport and distances over
which pollen is exchanged. The type of polli nator clealy influences both aspeds of pollen
transfer. Also the behaviour of the pollinator is very important and can be modified by
charaderistics of the plant. It might be expeded that polli nator behaviour changes also in
response to ecological fadors, which are related to the spatial structure of the plant population.
The way in which plant population parameters, like size, density and isolation, influence
pollinator behaviour, can have profound effeds on the resulting petterns of pollen flow.



Measuring pollen flow in animal-pollinated plants

Potentiall y, pollen flow can contribute considerably to the reduction of genetic
differentiation between plant (sub)populations. Therefore, many studies have tried to measure
the amount of pollen flow and the pattern of pollen dispersal. In general, pollen flow can be
highly variable among species, sites and time periods. Furthermore, it is often difficult to
separate gene flow by means of pollen from that by seeds. For these reasons a wide variety of
tedhniques has been developed, ead with its own merits and limitations. Frequently used
methods range from indired estimates of overall gene flow, to dred estimates of pollen
dispersal distances and inferences about pollen transport based on observations of pollinator
behaviour (Slatkin 1985 Slatkin 1987; Neigel 1997).

The amount of effective gene flow can be derived from measures of genetic
differentiation between subpopulations. Genetic differentiation is calculated as Fg= 1 - Hg/ H;,
where Hs is the observed heterozygosity, averaged over all subpopulations and H; the expeded
heterozygosity, based on overall allele frequencies (Hartl and Clark 1989. The amount of gene
flow, more precisely the effedive number of migrants, Nm, can be estimated from this F-value,
using the gproximation F¢~ 1/ (4Nm+1) (Hartl and Clark 1989. This method integrates levels
of gene flow over longer time scales and includes rarely occurring dispersal over very long
distances. In general, empirical studies in predominantly outcrossing plant species show
surprisingly low levels of genetic differentiation, indicaing the importance of infrequent long
distancedispersal (e.g. Campbell and Dooley 1992 Krauss199%; Linhart and Grant 1996 Berge
et al. 1999. However, the pattern of genetic differentiation also includes the effeds of processes
other than pollen flow, like seed dispersal, colonizations and founder effeds, temporary
population hottlenecks and differences in seledion regimes between populations (e.g. Slatkin
1987, Campbell and Dooley 1992 Nichols and Hewitt 1994 Levin 1995. The impad of such
processes is easily confounded with gene flow by pollen, thus other methods have been
developed to estimate pollen flow in a more dired way.

When dispersal of pollen grains themselves can be diredly tradked, estimates of pollen
flow will no longer be affected by seed dispersal or historica events, like alonizaions or
population bottlenecks. Transport of pollen from different source plants can be distinguished if
these pollen grains differ in genetic composition or morphologicad charaders. Alternatively,
pollen flow can be estimated from the dispersal pattern of pollen analogues, such as fluorescent
dye powders (e.g. Campbell 1985; Waser 1988. By introducing genetic marker alleles, which
were previously absent in the experimental area the exchange of pollen grains between
subpopulations was demonstrated over several hundreds of meters (Ellstrand et al. 1989
Skogsmyr 1994). Such distances are often still relatively small, compared to the geographical
distances which separate natural (sub)populations. Consequently, natural populations wil |l often
be isolated by distancestoo large to be aossd by pollen grains. Nevertheless such pollen
dispersal between subpopulations occurs over considerably larger distances than commonly
found for within-population pollen flow, becaise of the ladk of opportunities for pollen
deposition between the subpopulations. Within single populations, extremely limited pollen
dispersal distances are reported, independent of the estimation method used. The use of genetic
markers, polymorphic pollen grains and pollen analogues all gave estimates of pollen dispersal
distances of lessthan 100m. Due to the leptokurtic distribution of dispersal distances, the
majority of dispersal events was even restricted to a few meters from the source plant (e.g.
Handel 1983; Thomson and Thomson 1989; Campbell 1991; Pleasants 1991 Manasse 1992
Nilsson et a. 1992 Karron et a. 1999).



Limited pollen dispersal is a consequence of arearestricted foraging, which is exhibited
by many pollinators. Restriction of foraging, within a group of neighbouring plants, maximizes
the foraging efficiency of the pollinators by reducing the @sts of flying between flowers (e.g.
Pyke 1978 Rasheed and Harder 1997). Especiall y bee species neal to optimizetheir foraging
behaviour, because they have to provide nests with food. Since bees are important pollinators for
many plant species, patterns of pollen flow are often locall y restricted. Butterflies do not provide
their progeny with food and their behaviour is much less constrained to visitation of neaest-
neighbours. Butterflies regularly skip several plants between subsequent flower visits, but they
still fly limited distances (Schmitt 198Q Goulson et al. 1997). Syrphid flies are aother
important group of pollinating inseds (Keans et al. 1998, but not much is known about their
foraging behaviour and flight distances. Although most pollinators generally restrict their
foraging within alimited geographical area many insects are cgable of flying much longer
distances. Euglossine bees have been reported to fly several kilometers within a single day
(Janzen 1977). Bumblebees were observed at a distance of more than 400m from a marking
point (Kwak et al. 1998 and butterflies traveled over distancesupto 1 km (Hill et a. 1996.
Thus, pollinators clealy have the potential to carry pollen over long distances, but apparently
they seldom do.

Both, dired observations of pollinator behaviour and studies direded to the dispersal
distances of pollen grains are biased in favour of short dispersal distances. Due to practica
limitations, these kinds of studies neead to focus on the bulk of dispersal events, which occur over
short distances (Slatkin 1987). Infrequent dispersal events over extremely long distances are
usually beyond the observation limits and easily missed (Slatkin 1985 Campbell 1991;
Campbell and Dooley 199; Neigel 1997). For example, Handel (1982 1983 studied the
dispersal pattern of pollen grains, carying genetic marker alleles. Because the detedion of
pollen flow was impossible outside his experimental Cucumis populations, his observations of
pollen dispersal distances were inherently limited to a maximum of 11m, the size of the
experimental plot. Pollen dispersal over the maximal distancedid occur regularly, although with
alow frequency. Pollen flow was variable between years and sites. In one yea, the amount of
pollen dispersal showed a gradient in one of the populations, but not in the other, presumably
due to the presence of a honeybeehive (Handel 1983. Other studies also report large variation in
estimates of pollen flow between years and plots, stressing the need for multiple replicates in
order to obtain reliable estimates of pollen dispersal patterns (e.g. Slatkin 1985 Ashman and
Stanton 1997, Linhart and Grant 1996 Brody 1997 Goulson et al. 1998.

Pollinator behaviour and pollen flow in fragmented habitats

Pollen flow of animal-pollinated plants depends grongly on local conditions, like the
presence of nesting sites and additional food plants for the pollinators. These local circumstances
determine to alarge extent which pollinator species are available, together with their abundance
and foraging behaviour. Due to habitat fragmentation, both the surrounding vegetation, spatial
population structure and pollinator species composition will often change, resulting in different
patterns of pollen flow (Thomson 1978 Sowig 1989 Conner and Neumeier 1995 Kwak et al.
1998. In specialized pollination systems, habitat fragmentation may lead to the extinction of
either the plant or the pollinator species. Extinction of one of the partners will induce the
extinction of the second, if other species are unable to take over the eological function of the
former species. Fortunately, most pollination systems are rather general, with plants pollinated
by several pollinator species and pollinators foraging on many food plants (Waser et a. 1996.



Nevertheless a shift in polli nator spedes composition might still be acompanied by changesin
patterns of pollen flow, if the behaviour and polli nation efficiency of the new pollinator differ
from those of the original species.

Flowering environment

Besides effeds of insect species composition, pollinator behaviour depends on the
presence of other flowering plants. Habitat fragmentation will frequently result in lower floral
diversity and abundance, reducing the diversity and numbers of polli nators that can be sustained
by the aea(Kwak et al. 1998. As a mnsequence, negative effeds of fragmentation on
pollination, seed production and gene flow might happen regularly. Reductions in population
sizeimply an increase in the relative importance of the flowering surroundings, which is often
acmmpanied by increased competition for visitation. The number of polli nator visitsto e.g.
Blandfordia grandiflora was lower when Banksia serrata flowered simultaneously (Ramsey
1995. Similarly, the orchid Spiranthes spiralis suffered a reduced sead production, due to co-
flowering plants (Willems and Lahtinen 1997). In other plant species, more pollen was wasted
on co-flowering plants (Murciaand Feinsinger 1996 or seed set declined, due to deposition of
heterospecific pollen (e.g. Galen and Gregory 1989 Murphy and Aarssen 1995. Even patterns
of pollen flow may depend on the presence of co-flowering plants. Pollen dispersal distancesin
Sellaria pubera were found to be smaller in mixed plots with Claytonia virginica, compared to
pure stands of Sellaria alone (Campbell 1985. The flowering environment can thus have
important consequences for patterns of pollen flow in animal-pollinated plant species, although
the impaa of changes might be difficult to predict (Kwak et al. 1998.

Spatial population structure

Spatial structure includes sveral different factors, such as the size, shape and density of
subpopulations, the degreeof clustering within subpopulations and the distance by which
subpopulations are separated from each other. These parameters will usually change after habitat
fragmentation, which can have alarge influence on pollen flow.

Small populations often exhibit a reduction in visitation, reproductive successand genetic
variation compared to large and continuous populations (e.g. Jennersten 1988; Sowig 1989
Byers 1995 Oostermeljer et al. 1995. In fragmented natural populations, such negative effeds
of reduced population size ae difficult to separate from similarly deleterious consequences of a
simultaneous decline in density. Low plant densities frequently result in alower number of visits
per plant, more flower visits within the same plant, increased selfing rates and reduced seed
production (e.g. Ellstrand and Marshall 1985; Dreisig 1995 Karron et a. 1995). The negative
effeds of low density on seed set were especially clear when other flowering plant species
competed for polli nation (Kunin 1993. Several experimental studies siggested that the harmful
effeds of low density are even stronger than those of small population size (Van Treuren et al.
1993 Van Treuren et al. 1994 Kunin 1997. A combination of effeds of sizeand (variation in)
density might be found for clustered distributions of plants. Intropicd trees, amost al trees
within a cluster were visited, if the cluster was encountered by a pollinator, inducing a high
frequency of local mating (Stacy et a. 1996. Furthermore, small clusters were more eaily
missed by passng pollinators than large clusters. As a mnsequence, on average, plants in small
clustersreceaved pollen from alarger distance, compared to plantsin either large clustersor
continuously distributed populations (Stacy et al. 1996. In experimental populations as well, the
absence of floral resources in between isolated clumps of plants forced the pollinatorsto fly



larger distances betweean subsequent flower visits, compared to continuous distributions. In
acmrdance with the results of Stagy et a. (1996, this resulted in larger absolute distances of
pollen dispersal in clumped plant populations (Manasse 199; Morris 1993. However, a the
same time, many polli nators might stay longer within the same group of plants and visit more
flowers per plant, thusincreasing the frequency of within-patch polli nation in relatively isolated
groups of plants (Snow et a. 1996 Velterop and Kwak 1997; Richards et a. 1999. In general,
an increase in isolation distanceis acampanied by a strong reduction in pollen flow. Polli nators
usually fly only limited distances and isolation by a few hundred meters already seriously
reduced the import of pollen (e.g. Ellstrand and Marshall 1985; Skogsmyr 1994 Goodell et al.
1997 Kwak et a. 1999.

The effeds of isolation by distance might be influenced by other aspeds of population
structure. Large populations at large distances were found to contribute more to pollen import
into small populations of wild radish, than nearby small populations (Ellstrand et al. 1989. In
Slene alba, polli nated by bumblebees and night moths, patch size and isolation distance
interaded in a cmplex manner with each other (Richards et al. 1999. A distance of only 80m
severely diminished pollen import. Almost all fertilizations were by plants from the same patch.
Extremely small patches received no foreign pollen at all, pollen import into intermediate and
large patches occurred rarely with this interpatch distance In contrast, with isolation distances of
20m, pollen dispersed almost freely and the aray of patches could be viewed as a panmictic
population (Richards et a. 1999. With such frequent exchange of pollen, the relative size of the
target patch compared to its neighbours had an important effect. A larger target patch contributed
more to its own pollination successthan relatively small patches, resulting in a negative
correlation between fertilization by foreign pollen and petch size for these small interpatch
distances. Interadions between several components of population structure and flowering
environment will often be complex and their consequences therefore difficult to predict. More
reseach is nealed to gain insights into these interadions, since habitat fragmentation will
regularly induce simultaneous changes in multiple factors influencing gene flow by pollen.

Barriersand corridors

When a habitat is fragmented large populations may become divided in several
subpopulations. These subpopulations will often be separated by landscape elements, acting as
barriersto polli nator movements. It iswell known that large distances ad as a barrier, but also
roads, waterways, forests, open grasslands etc. might prevent pollinator passage. Butterfly
movements were prevented by stretches deciduous woods and mixed forests. In an experimental
setup, even a hedgerow of only 1m high drastically reduced the number of butterfly crossings
(Fry and Robson 1994). High vegetation structures may hamper dispersal of other polli nator
species as well. For example, Westerbergh and Saura (1994 suggested that the presence of
spruce forest prevented bumblebeeflights between different populations of Slene dioica.

Whether certain structural elements in the landscape ad as barriers to polli nator
movement may strongly depend on the pollinator species, but empirical data ae scace A study
of population structure in Proclossiana eunomia revealed that these butterflies did not migrate
between different river basins in southern Belgium. Even small geographic distances between
river basins were not passed (Néve d a. 1996. Beespecies, on the other hand, were ale to
travel over 1to 5 km open water (Kwak et al. 1998. Although bees can travel very long
distances, male auglossne bees did not crossaforest cleaing of only 100m (Powell and Powell
1987). In contrast, similar grassy tradks within a forest were no barrier at all for butterflies, but
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even enhanced their dispersal (Sutcliffe and Thomas 1996. Physical barriers can thus have
important consequences for the behaviour of pollinators, but virtually no data exist concerning
the consequences for pollen flow between groups of plants.

As demonstrated by the forest cleaings mentioned before, similar landscape elements
can have quite different effects on animal dispersal, depending on the species. Grassy tradks
inhibited movement of euglossine bees, but promoted the dispersal of butterflies, thus ading asa
corridor for the latter species. The word corridor will here be used for linea stretches of suitable
habitat conneding two habitat patches in an otherwise hostile environment. Enhanced dispersal
by corridor structures has been reported for several other animal species (Vermeulen 1994 Beier
and Noss1998 Gilbert et a. 1998 Tischendorf et al. 1998. These studies showed that animals
might use corridors for dispersal with unknown consequences for the animal population.
However, the effects of changes in animal movements on other organisms have mostly been
negleded. For example, the influence of corridors on dispersal patterns of pollen grainsis largely
unknown, although several effeds of corridors on pollen flow may be anticipated. A corridor can
influencethe direaionality of pollinator flights, inducing the pollinatorsto fly along the @rridor.
Therefore, more pollinators may reach the subpopulation at the other end of the corridor,
resulting in increased pollen exchange between the conneded subpopulations. In an experiment
with Phyteuma spicatum ssp. nigrum, pollen flow between patches was indeed higher when they
were mnneded by a @rridor, compared to isolated petches (Kwak et al. 1998. The short
corridor (25m) of linealy arranged Phyteuma inflorescences had a beneficial effed on pollen
flow, although it had no effed on the visitation rate of the Phyteuma patches. Despite longer
flight distances along a row of clumped plants, no effect on the mean pollen dispersal distance
was found in two ather studies (Manasse 1992; Cresswvell 1997). The simultaneously observed
deaease in flight diredionality might have induced the pollinatorsto stay within the ‘ corridor’
for alonger time. If pollinators get ‘trapped’ within a crridor, they might loose all their pollen
grains on flowers inside the corridor, before reading the target population at the outer end. Long
and attradive ‘corridors might receive more visits and function effedively as barriers to pollen
flow, while ashort and lessattractive crridor might be visited rarely and enhance pollen flow.
During visits to flowers in the corridor, pollen of the target species will be lost and probably
heterospecific pollen of the corridor species will be picked up Depending on the flower species
in the aorridor, this heterospedfic pollen might have negative eff ects on seed production in the
target population (e.g. Galen and Gregory 1989 Murphy and Aarssen 1995. A corridor might
change flight patterns of the pollinators and result in a loss of conspecific pollen and the uptake
of heterospecific pollen on flowers inside the corridor. The cmbined eff ects of these changes on
pollen flow will strongly depend on the geometry of the arridor and its flower composition.
Empirical data concerning pollen transfer along corridors are very scarce
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Theresearch project

Habitat fragmentation has important dired effeds on plant reproduction, caused by
changes in the quality of the environment and in the demography and genetics of the plant
populations. For animal-pollinated pants, additional effeds of fragmentation may occur through
changes in pollinator behaviour. After fragmentation of a large, continuous population, changes
in the species composition of the pollinators and their behaviour may lead to different patterns of
gene flow by pollen, with potentiall y important consequences for the mating system and genetic
composition of the plant population (Figure 2). Most reseach has been concentrated on the
effeds of reduced population size, reduced density and increased isolation distances between
subpopulations on pollen dispersal. In general, these fadors have anegative impad on pollen
exchange. Furthermore, after fragmentation, the remnant populations often become separated by
different types of physical barriers, like roads, raillways, agricultural areas or houses. Thus far,
the aonsequences of such barriers on pollen flow are largely unknown. The establishment of
corridors has been proposed to overcome the negative eff eds of geographical isolation, but there
isalad of data concerning their effectivity. Empirica evidence suggests that corridors may be
used by animals, but effeds on pollen flow are rarely investigated.

Habitat fragmentation

!
Small and isolated populations

!
Changes in population attractivity
!
Changesin insed visitors
!
Changes in pollination
!
Changes in seal set
!
Increased extinction risk?
Figure 2. Consequences of habitat fragmentation
for insed-poallinated plant populations.

In this projed the effects of population fragmentation on gene flow by insect-pollinators
in Scabiosa columbaria are studied. Different aspeds of fragmentation are investigated and their
consequences for pollen dispersal between patches are mmpared. Reseach is focused on the
effeds on pollen flow brought about by changes in insed behaviour, in response to variation in
spatial population parameters, like isolation distance, physical barriers and corridors. Scabiosa
columbaria is pollinated by various insed species, which differ in pollination efficiency and
readion to population fragmentation. Special attention is given to the foraging behaviour and
pollination efficiency of syrphid flies. Information about this group of insects with resped to
pollen flow is sarce, despite their important contribution to the pollination of many plant
species, especially in small populations or at low flower densities (Kunin 1993; Conner and
Neumeler 1995 Kwak and Velterop 1997 Keans et a. 1998. Empirically, the interadions
between plant population parameters and the behaviour of the pollinating inseds are studied. The
impad of these interadions for the frequency of within-patch fertilizations and gene flow by
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pollen isinvestigated. Because different types of polli nators react differently to variation in plant
(population) charaderistics, the effeds of habitat fragmentation may vary between pollination
systems. However, comparisons between polli nation systems are difficult to address
experimentally. The relation between type of pollinator species and the resulting vulnerabil ity of
the plant population, after fragmentation of its habitat, is therefore explored theoretically.

Plant speciesinvolved in this study

Experiments are performed using Scabiosa columbaria L. (Small scabious, Dipsacaceag
Scabiosa columbaria is a perennial species occurring in calcareous grasslands, and israre in The
Netherlands. The plant flowers from the end of July till October. The small, tubular, blue-violet
flowers are aranged in heals (40-100flowers per heal) and contain asingle ovule eah. Each
flower starts male flowering for about 2 days, followed by a neuter phase of varying length.
After all flowersin a heal have passed the male phase, the whole hea is female for a single day.
Although the plant is self-compatible, it is predominantly outcrossing (Van Treuren et al. 1994).
Both anthers and stigmas protrude out of the flower and are eaily touched by various gecies of
inseds. Scabiosa columbaria can ke visited by awide variety of inseds. In the small and isolated
Dutch populations, its main pollinators are syrphid flies and bumblebees (Kwak and Velterop
1997. In France, on the other hand, large populations of S. columbaria can still be found, which
are pollinated by a specialist solitary beespecies (Dasypoda argentata), honeybees and
butterflies.

Scabiosa columbaria experienced a severe population fragmentation during the last few
decales. The number of populations in The Netherlands declined with more than 50% (Ouborg
1993). With only two exceptions, the remaining populations are small, with less than 500
flowering individuals (often lessthan 100). Although variation in fitness related charaders was
unrelated to population size, small populations showed a lower genetic variation than large
populations (Van Treuren et al. 1991; Van Treuren et a. 1993). In view of the strong inbreeding
depression observed in experiments, thereis aclea paotential for genetic erosion in this gecies.
The degreeof inbreeding (depression) and local mating is largely determined by the behaviour of
the polli nating inseds, because seals are predominantly dispersed by wind within a few
centimeters from the maternal plant (Verkaa et a. 1983. In an ealier study, the inseds were
shown to read strongly on plant density (Van Treuren et a. 1994). In patches with low plant
densities, pollinators induced a high frequency of self-pollination. Thiswas not refleded ina
high frequency of seeds originating from selfing, because high inbreeding depresson prevented
the development of these seads. Therefore, patches with low plant densities were still highly
outcrossing, but at the mst of severe reduction in seed set (Van Treuren et a. 1994. In
fragmented populations of S. columbaria, changes in pollinator behaviour may have important
consequences for patterns of gene flow and/or plant reproduction.
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Outline of thethesis

The reseach projed aimsto gain insight in the effects of habitat fragmentation on the
genetic composition of plant populations and the role of gene flow in this process In many
insed-pollinated plant species, gene flow is grongly dependent on pollen dispersal, which in turn
depends on the foraging behaviour of the insed visitors. Therefore, the thesis focuses on the
impad of insed-pollination on gene flow by pollen.

Thisfirst chapter gives an introduction to habitat fragmentation, the ancept of genetic
erosion and the importance of gene flow. Special attention is given to gene flow by pollen and
several methods are introduced to estimate pollen dispersal distances. Changes in pollinator
behaviour in response to different aspeds of habitat fragmentation and the consequences for
pollen flow are discussed. Finally, this chapter introduces S columbaria asthe experimental
plant species and gives an outline of the thesis.

The second chapter concentrates on charaderistics of the pollinators. Scabiosa
columbaria can be visited by many insed species, like bumblebees, honeybees, syrphid flies and
butterflies. Additionally, populations of S. columbaria in France ae sufficiently large to sustain
a specialist bee species, Dasypoda argentata. For al visiting species, multiple aspeds of
pollination efficiency are measured, such as flower constancy, foraging speed, body load of
pollen and deposition rate. The mnsequences of differences in these polli nator charaderistics for
the amount, composition and dispersal distance of pollen are studied.

Patterns of gene flow by pollen are assessed in a fragmented experimental population. A
linealy shaped population of S. columbaria is creaed in a meadow in Assen, The Netherlands.
This experimental population consists of several, equally sized patches and is pollinated by
naturally occurring inseds. Under these semi-natural conditions, insed visitation to the patches
is observed and patterns of pollen flow are determined in relation to diff erent aspeds of
population fragmentation. First, multiple methods to estimate gene flow by pollen are cmmpared
(chapter 3). Dispersal of pollen grains, pollen analogues (fluorescent dye powder) and alozyme
aleles is simultaneously observed. Additionally, insed species composition is determined and
some observations are made on insed behaviour. Patterns of pollen dispersal and gene flow in
this reference experiment can then be used to evaluate the mnsequences of population
fragmentation on the effedive gene flow by pollen between patches of S. columbaria.

The relative impad of isolation by distance and the effeds of physicd barriers are the
focus of chapter 4. Isolation by distance is achieved by increasing the distances between patches
from 25mto 100m and 20m. The influence of barriers, like hedgerows, is simulated by using
camouflage nets. Visual isolation is obtained by putting a amouflage net in between two of the
threepatches, separating a single patch from the others. Insed behaviour and pollen flow in
response to these diff erent types of isolation are compared.

In chapter 5, the potential of corridorsto promote pollen flow between patchesis
investigated. Since quality and arrangement of the corridor may be very important for its effect
on pollen dispersal, different types of corridors are used to conned patches. Corridor geometry
can be either linea or perpendicular to the ais conneding the patches and plants can be spaced
evenly or clumped. The flower composition of the rridor is varied in linealy arranged
corridors, with an even spacing between plants. Insed behaviour along the rridor is observed
and the resulting pollen dispersal is gudied. Dispersal of conspecific and heterospedfic pollen is
measured along the @rridor and in the patches conneded by it. Both size and composition of the
stigmatic pollen loads are evaluated in relation to the cmposition and orientation of the corridor.
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Different polli nator spedesread differently to fragmentation of the plant population. As
a onsequence, the vulnerability of the plant population to negative effeds of habitat
fragmentation may depend on its polli nator species. In chapter 6, the impad of variation in the
pollinator type for genetic erosion after population fragmentation is investigated theoretically.
Sincein large populations adaptation of plant and pollinator may be expeded, the optimal
architedure of the plant, in relation to its main pollinator type, is determined. Starting with a
large and adapted plant population, habitat fragmentation is then simulated as areduction in
population size, an increase in isolation between subpopulations or a shift in pollinator species.
The effeds of fragmentation on the viability and genetic composition of the plant population are
determined. The impad of polli nator type on the vulnerability of the plants is evaluated.

Finally, an overview of the resultsis given in the summary. All experiments described in
chapter 3to 5, are performed with a similar setup, using patches with and without treatment. The
effeds of increased distances, physical barriers and corridors can thus be expressed relative to an
isolation distance of 25m. Using the results of chapter 3, the changes in pollen dispersal patterns
are extended to their effeds on the mating system and genetic structure of the plant population.
The impad of several aspeds of habitat fragmentation on pollen flow and its genetic
consequences is evaluated.
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Pollination value of insect visitors of Scabiosa columbaria (Dipsacaceae)
With M.M. Kwak and J. van Andel

Summary

The pollination value of insea visitors (small flies, syrphids, bumblebees, honeybees,
moths and butterflies) of the Small scabious (Scabiosa columbaria) in Dutch and French
populations was recrded. Several foraging charaderistics, like the number of heads (capitula)
visited per minute, flight distances, preference for male or female heals, residence time per head,
pollen deposition per head and purity of the body loads carried by inseds were analysed.
Syrphids and bumblebees, frequent visitors of the Dutch populations, were comparable in
pollination value ancerning the number of heads visited per minute, purity of the body load and
flight distances. However, bumblebees deposited a larger number of S, columbaria pollen
graingstigma/second than syrphids. The diversity of the body load of both bumblebees and
syrphids was high; pollen from other plant species found in these loads were: Origanum vulgare,
Daucus carota, Centaurea spec. and Compositae Small flies were poor pollinators dueto along
residencetime and low deposition rate. Honeybees, frequent visitorsin French populations, were
good pollinators concerning their pollen deposition on stigmas and the high purity of the body
load but their foraging speed was moderate. The specialistic bee species Dasypoda argentata
was observed only in French populations. Specifically the females, scored high for all
behavioural charaderistics related to polli nation. Butterflies, present in both Dutch and French
populations, were poor pollinators but had large flight distances compared to all other insed
species and are important for long-distance dispersal. Although some insed species showed a
preference for male or female heads this did not lead to an exclusive visitation of one of the
sexes. Almost all taxa acontributed to the pollination of S columbaria but they differed in various
aspeds of both the quantity (number of pollen deposited) and the quality (purity of pollen
depositions and chance of crosspolli nation), emphasizing the importance of the presence of a
diverse visitor guild for a plant species.

Introduction

Many of the most elaborate examples of coevolution can ke found in pollination systems
(Anstett et a. 1997). However, plant species pollinated by a single pollinator are far less
common than plant species pollinated by more than one taxon. In general, pollination systems
often are more generalized and dynamic (Ollerton 1996 Waser et al. 1996. Plant species may be
visited by a variety of insed species, belonging to various taxa (Herrera 1989 Olesen and
Warncke 198%; Kato 1996 Comba ¢ a. 1999h Memmott 1999 and this ecies composition
may vary annually, seasonally, among and within populations and from hour to hour (Herrera
199Q 19%, 1996 Ashman and Stanton 1991, Eckhart 1995 Ramsey 19%; Fishbein and
Venable 199%; Traveset and Saez1997 Comba d a. 199%). For example, Memmott (1990)
found that plant speciesin a meadow in Grea Britain were visited by a median of seven spedes
of inseds (range 0-48) and inseds visited a median of threespecies of plants (range 1-18).

Not all visitors are pollinators and visitor species may differ in their efficiency as
pollinators. Visitors differ for instancein body size, abundance, period of adivity, foraging
speal and flight distances and this may result in differences in pollen deposition. The pollination
value @an be defined both quantitatively (number of visits and number of conspedfic pollen
grains deposited) and qualitatively (origin of pollen, self, crossand heterospecific pollen).
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Crucial for the pollination value of an insed species is the possibility of contact with anthers and
stigma. Variation occursin the duration of visit per flower and the size and composition of the
pollen load caried and all these differences influencethe pollination value of a particular insect
species (Waser 1982 Schemske and Horvitz 1984 Sugden 1986; Herrera 1987, 1989 Ramsey
1988 Waser and Price 199Q Dieringer 1992 Kwak 1993 Fishbein and Venable 199%; Kwak
and Velterop 1997 Traveset and Saez1997). In addition, various visitors may have different
effeds on the male and female reproduction (Stanton et al. 1991). Pollen colleding bees are
good in pollen removal but poor in pollen deposition, thus from the plant's point of view awaste
of pollen occurs (Wilson and Thomson 1997).

Flowers can be visited by generalists and specialists. Specialized bees may remove more
pollen per time than generalists do (Strickler 1979 Cane and Payne 1988 but this does not
necessarily mean that they are good pollinators. Spedalists are thought to carry pure pollen
loads, consequently making conspecific pollen depositions, but analysis of pollen in the scopae
of various oligoledic bee species $rowed significant amounts of foreign pollen; in most cases a
pollen shortage for the bees was clealy evident or indicated by climatological data (Cruden
1972. However, the pollination value of oligo- and monoledic bees (specialists) compared to
that of polylectic species (generalists) on the same plant species is largely unknown. Both
Ashman and Stanton (1991) and Cane and Payne (1988 found that the specialist beewas the
best pollinator of the studied species. However, seed set in Claytonia virginica did not differ
after avisit of aspecialist (Andrena erigeniae) or generalist insect species (Bombylius major)
(Motten et al. 1981). Also Olsen (1997 found that the specialist beespecies was not a better
pollinator than other visitors were.

This chapter presents data on the polli nation value of insed species visiting Scabiosa
columbaria populations in The Netherlands and France We @mmpare both quantity and quality
aspeds of the polli nation value of generalist and specialist insed species. This chapter is part of
alarger project in which the consequences of population fragmentation for pollen and gene flow
by insedsis gudied.
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M aterial and methods
Plant species

Scabiosa columbaria L. (Small scabious, Dipsacaceagis a perennial, outbreeding
species, occurring on dry grassy places on calcaeous ils. The main flowering season starts at
the end of July and continuestill the end of September in undisturbed situations (plants are often
grazed or mown hut regrowth is possible). The plant forms one to ten flower branches, with 1-20
heads (capitula) each. The bluish-lilacflowers (3 mm long) are aranged in hemispheric heads
(diameter 1-3.5 cm), with on average 30-100flowers per head. The first flowers are displayed in
two crowns at the edge and nea the center of the head. Outer flowers have 3 enlarged petals.
The flowers are protandrous. In al phases flowers contain nedar.

The populations

In The Netherlands S. columbaria is arare species, generally occurring in small
populations and only in a few large populations (Ouborg 1993). Investigated Dutch populations
(Wrakelberg, Kruisberg, Wijlre), are situated in verges or nature reserves in the southern part of
The Netherlands. Observations were also made in two artificial populations in the northern part
of The Netherlands: Haren and Assen. Not all observations could be made in the same
population due to practicd reasons. In France extensive aeas with S. columbaria can be found
in abandoned agricultural areas (Departement Savoie). Populations ssmpled were Modane,
Bramans cave, Bramans plateau and Bramans Transformer house. Also a population in the North
of France (near Colombey-les-Belles, Departement Meurthe-et-Moselle) in a chalk grassland and
along an abandoned railway was sampled.

Observations
1. Flower development

The anthesis of heads was observed by following the development of eight heads, starting
on 11 September 1996in the Assen population. Ead evening the newly opened flowers were
counted and painted and the moment of stigma receotivity noted. The development of anthers
was also observed by chedking marked flowers every half an hour.

2. Insect activity during the day and behaviour

Activity during the day and foraging charaderistics were measured for the most frequent
insed species. Datafor eat charaderistic were @lleded within two hours on the same day for
each species because variation between times, days and yeas in the various measurements may
overrule the diff erences between insed species.

To measure adivity during the day (between 8.30-18.30 h) inseds were munted every
half an hour in transeds or in permanent plots during 10minutes during sunny weaher. Thiswas
done in the Dutch population Wrakelberg where syrphids and butterflies were frequent visitors
and in two French populations (Bramans cave and Bramans plateau) with large numbers of the
specialist beespecies Dasypoda argentata (oligoledic on S. columbaria, Westrich 1990).
Behaviour of insects was described and photographs were made (seePlate 1).
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Plate 1. Insed visitors on heads of Scabiosa columbaria. A. Sphona geniculata, a small fly spedes, on ahead
in the male phase, B. Erigtalistenax, a syrphid spedes on afemale heal, notethe S columbaria grains on the
head, C. Erigtalisintricarius, avery hairy syrphid spedes on amale head, D. the moth Autographa gamma,
note the introduced tongue and the pollen on the legs, E. Bombus pascuorum, a bumblebeevisitingamale
head, note the pollen adhering to the pil e, F. Dasypoda argentata, afemale of a spedalistic beespecies
visiting amale head. Note the position of the wingstypical for an individual foraging for poll en and note the
pollen grains between the long heirs of the hind legs.
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3. Flight distances

Flight distances between subsequent flower visits are often used to estimate pollen flow
distances (large distance @rrespondsto more aosspollination, a quality asped of pollination).
However, dueto pollen carry-over flight distances often give an underestimation of distances of
pollen flow. Therefore, flight distances were measured in two ways:. as the distance between two
successve flower visits and as the overall distance, measured as a straight line, between the first
and eleventh visited head. The first method was used in the large Dutch population Wrakelberg
and in the large population Bramans cave in France; the seoond method only in the population
Bramans cave.

4. Foraging speed

Foraging speed is measured as the number of heads visited per unit time, assuming that a
high foraging speed promotes crosspollination. Insects foraging on S. columbaria were followed
during their visitsto 10 heads and the total time, including flight time was recorded. Data were
colleaed in the Dutch population Assen and the French population Bramans cave.

5. Residence time

Residencetime per head (time spent on a head with adive foraging behaviour) isa
measure for the quantitative asped of the pollination value. A long stay may result in the uptake
of more pollen on a male head and in the deposition of more pollen on a female head. The
residencetime per head was measured as ands gent per head for various insed speciesin the
Dutch population Assen and the French population Bramans cave.

6. Sex preference

A strong preference for either male or female heads may result in (very) poor pollination.
Preference for female or male heads of individual insects was measured by counting the number
of insed visitsto female and male heads in an areawith a known number of female and male
heads present. Observations were made during the morning (11.00-12.00 h) and duing the
afternoon (15.30-16.30 h) in the Dutch population Assen and the French population Bramans
plateau.

7. Pollen loads on insect bodies

The presence and size of the pollen load on the bodies of inseds is an indication of their
potential value & pollinator. Pollen loads on the bodies of inseds visiting S. columbaria were
colleaed between 12.00 and 1600 h when realy all insed species were adively foraging. The
ventral side of the body, the side that potentially made contact with the stigma, was cleaned with
apieceof sticky gel and a microscope slide of this gel was prepared (Bedtie 1972). If possble,
10individuals per species and per population were sampled. Total number of pollen and the
number of pollen were munted. A reference ®lledion of pollen of plant species flowering in the
same aeawas prepared by depositing pollen from an anther diredly on the gel.
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8. Pollen deposition

Pollen deposition on stigmas of virgin female heals was determined by allowing an
insed, foraging in a S columbaria population, to visit the head. Residencetime per head was
measured too. After it had left the head, the insed was kept in a caye to prevent resampling. The
number of pollen grains deposited per sigmawas counted using a 20x hand lens (sizeof S.
columbaria grains 50-70 um, pers. comm. G. Romeijn) and pollen deposition per stigma per
second was calculated. Residence times per virgin head appeaed to be very variable, even
within insed species (Table 6, range 4.4-77.1 seconds, Table 7, range 0.4-30.1 seconds).
Therefore, the same procedure was followed but visits were terminated after 20 seconds (only for
Dutch species). Pollen deposition per stigma per seand was calculated.

Pollen deposition by small flies could not be measured in the way mentioned above.
Their pollen deposition was measured in cages (two cages with each 20 flies) with one male and
six virgin female heads at the start of the experiment. After threehours of visitation the number
of pollen deposited on the stigmas was counted. As comparison, the pollen deposition of five
Eristalis tenax individuals in a cage was measured similarly.

Results
1. Flower head development

Scabiosa columbaria heads darted to flower with a few flowers (2-6) per heal, the next
day often flowers of the second crown opened. Flowersfirst presented four anthers, ina
sequence of two groups of two. The development of samens was very rapid: oncethe anthers
emerged from the flower, they opened within an hour, presenting via alongitudinal split the
pollen grains (on average 340 gains per anther, pers. comm. G. Romeijn). The anthers could
change in position during the anthesis from vertica to a more horizontal position; they were
connected to the samens and could change in position also as a result of the touch of inseds.
Within a few hoursthe aithers fell off, in the field often stimulated by frequent visitation. After
an individual flower had been male, it entered a neutral phase of varying length till all flowers
within the head had been male. All flowers became female & the same day and could be
pollinated. Generally, the female phase took only a single day. Absence of polli nation increased
the duration of the female phase. Both anthers and styles protruded out of the small, tubular
flowers and could easily be touched by visiting inseds.

The increase in percentage of open flowers per head during the period was nealy linear
(Figure 1), measured in the Dutch population Assen. Healds with a large number of flowers (>65
flowers) did not have alonger flowering period than smaller ones (<65 flowers per hea). All
heads became female after 7-9 days of flowering.
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Figure 1. The development of individual heads of Scabiosa columbaria
in 1996 Open symbols: heads containing lessthan 65 flowers; fill ed
symbols: heads containing more than 65 flowers.

The marked protandry of heals, with virtually non-overlapping male and female phases
(flowers entered a neuter phase after the male phase) resulted in a low chance of spontaneous
selfing. However, sexual phases of heads were not synchronous within a plant so geitonogamy
viainsed visitors was possble. Due to the difference in duration between the male and female
phase, the percentage female heads in a population could vary between 5 and 30

2. Insect activity during the day and behaviour

Insed adivity increased rapidly after 8.30 hin the morning (Figure 2). In the Dutch
population Wrakelberg, the number of inseds remained rather stable between 12.00and 1600 h
(Figure 2A). In the French populations Bramans cave and Bramans plateau, both Apis mellifera
and D. argentata increased rapidly in nrumbers during the morning hours, fluctuating at a high
level after 11.30 h (Figure 2B, C). After 18.30 h, activity of the inseds deaeased rapidly.

Frequently visiting inseds belonged to Diptera, Hymenoptera and Lepidoptera
Especially Syrphidaewith Eristalis tenax, Eristalis arbustorum and Helophilus pendulus and the
small fly Sphona geniculata, belonging to Tadhinidaewere frequent visitors. Among
Hymenoptera beespecies Bombus spec., Psithyrus spec, A. mellifera, D. argentata, Coelioxys
rufescens and the wasp spedes Bembix rostrata were frequent visitors. Lepidoptera, both
butterflies as Inachisio, Aglais urticae, Pieris rapae, Melanargia galathea and day-flying moths
as Autographa gamma, Zygaena filipendulae and Zygaena trifolii were observed regularly.

The foraging day of bumblebees was rather long: starting as the first visitors and
continuing as the last ones. Most frequent syrphid species were adive during the day between
10.00and 1600 h. A syrphid spedes as Syrphus balteatus was mainly adive ealy in the
morning and then disappeaed. Moths in the Dutch population Wrakelberg had their pegk
ocaurrence aound 1100 h kut remained present during the whole day.
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Inseds picked up mllen from the anthers and deposited them on female heads while
foraging for nedar and/or pollen (seePlate 1). Most insed species foraged for nedar,
introducing their tongue in the small tubular flowers. In the Dutch populations, the syrphid
species S balteatus foraged for pollen ealy in the morning, as $on as the anthers opened. This
species ingpected female heals for their sex during a very short "touch”. Some individuals of
other syrphid spedes ate pollen directly from anthers or stigmas. During foraging, syrphids
frequently paused to clean their faceand proboscis and they consumed the poll en thus colleded.
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The pollen-colleding females of the specialist beespecies D. argentata also touched
female heads very shortly (<1 second) especially during the morning. On male heads they
rapidly moved while their wings were hold side way and upwards without introducing their
tongue into the flowers (seePlate 1). Nectar-colleding females however, spent more seconds per
female or male head (seeresidencetime) and introduced their tongue into the flowers while the
wings were in a horizontal position, more or lessfolded over each other. Males of D. argentata
visited S. columbaria headls for nedar but they also hunted for mating. During this sach for
females they flew large distances. They touched females that visited S. columbaria heals and so
they disturbed flower visitation of these females. Males slept in the field hanging below the
heads, females disappeared, probably into their nests. Nests of D. argentata within the S.
columbaria population were found in the ground.

Generally, in the Dutch populations Syrphidaewere the most common visitors and in
some yea's reasonable numbers of bumblebees, Lepidoptera and S. geniculata occurred. Inthe
French populations Lepidoptera, and the species A. mellifera and D. argentata were the most
frequent visitors. Foraging charaderistics were measured for these taxa.

3. Flight distances

Flight distances of insect visitors foraging on S. columbaria differed markedly (Figure 3).
In the Dutch population Wrakelberg the species E. tenax and A. gamma flew short distances:
more than 90% of the measured distances were shorter than 2 meter. For both species flights
over distances larger than 10 meter were never observed. In contrast, the butterfly P. rapae made
15% of its flights over distances larger than 10 meter with some flights over more than 100 meter
(Figure 3A). In the French population, all Hymenoptera species, including the wasp species
Bembix rostrata, flew short distances, less than 2 meter; nealy all distances were shorter than 1
m. In contrast, 61.3% of the distances flown by Lepidopterawas >2 meter (Figure 3B).

Foraging distance, measured as the overall distance between the first and eleventh visited
head, differed between D. argentata and A. mellifera (Figure 4). Males of D. argentata flew
significantly larger distances (270+ 32 cm, mean * s.e.) than did females of D. argentata (124 +
9.cm) and A. mellifera (149 £ 17 cm) (Kruskal-Wallis test, P<0.005). The frequency distribution
(Figure 4) also showsthat A. mellifera had an intermediate position between D. argentata males
and females. For males 32.2% of the flown distances were 13 meter, for females this was only
2.3% and for A. mellifera 9.2%.

In summary, an increase in distances between two visits to heads of S columbaria was
found in the order of Hymenoptera, Syrphidaeand Lepidoptera.
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4. Foraging speed

Foraging speed (number of heads visited per unit time) differed strongly between insed
species in the Dutch population Assen. Bumblebees visited most heads per minute; means varied
between 9.6-10.8 (Table 1); thiswas significantly different from the other insed species (E.
tenax, E. arbustorum, H. pendulus, A. mellifera and Lepidoptera) who visited 4.2-6.5 heads per
minute (SNK test, P<0.05). The small fly species S. geniculata had such an extremely long
residencetime that foraging speed could not measured in sufficient numbers. One example of
foraging speed of this small fly is 10 heads in 8'40".

Table 1 Number of Scabiosa columbaria heads visited per minute (mean + s.e.) by insed
spedesin the Dutch population Assen on two datesin 1999. Within a @lumn only
Bombus pascuorum differed significantly from the other spedes on bath dates (SNK test,
P<0.05, after In transformation). n.a. value not available.

August 25 September 6
Insed speaes n heads per minute n heads per minute
Eristalistenax 20 4.23+0.25 6 4.33+0.33
Eristalis arbustorum 16 5.66 + 0.91 4 3.12+0.28
Helophilus pendulus 15 5.72+0.43 7 6.47 £ 1.66
Bombus pascuorum 14 9.61+0.81 9 10.79+0.92
Apis mellifera 16 5.61+0.74 6 5.74+1.05
Pierisrapae 12 6.36 + 0.52 n.a n.a

In the French population Bramans cave, females and males of the beespecies D.
argentata, visited most heads per minute (Table 2). Bumblebees were faster than honeybees. In
summary, the following increasing sequence in foraging speed can be derived from the data
(Tables 1 and 2): small flies, syrphids, Lepidoptera, honeybees, bumblebees and D. argentata
(females and males).
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5. Residence time
Residence time was measured for open visited heads (male and female) and for virgin female
heads. For the Dutch situation, bumblebees had the shortest residencetime. Means varied between
7-14 seconds for bumblebees, 13-15 seconds for honeybees, 13-24 seconds for Syrphidae, 28-41
seconds for Lepidoptera and 8 seonds for S geniculata (Table 3). The foraging aim of the species
(nedar or pollen) may influenceresidencetime. Generally, Syrphidaeand honeybees gent shorter
periods on female heals (with only nedar) than on male heals (coll ection of both nedar and pollen
possible), whereas L epidoptera showed the reverse pattern (Table 4). Only for E. arbustorum this
difference was significant (P<0.05, t-test after In transformation of the data). Sample sizes for
female heads were small due to the fad that the majority of heads on those days in the studied
population were males (84% and 87%0).

Table 3 Residencetime (mean + s.e.) of several insed spedes on (female axd male) heads of Scabiosa columbaria in the Dutch
population Assen on August 13 and 19 between 10.30 and 12.00 hand on September 3 between 14.00 and 16.00 h; n.a. means
no data available, * datanot included in statistical test, ') Aglais urticae and Inachisio, ?) mainly Aglais urticae, %) Aglais
urticae. Significant differences among insed spedes within one day (SNK-test after In transformation, P<0.05), are indicated
by diff erent letters within a column.

August 13, 1997

August 19, 1997

September 3, 1996

Spedes
n timein seconds n timein seconds n timein seconds
Eristalistenax 46 204+29° 48 187+25° 38 238+39°
Erigtalis 46 186+2.7° 51 156+2.3° n.a n.a
arbustorum
Helophilus 15 126 +2.4" 46 147+1.8° n.a n.a
pendulus
Bombus 12 70+£16° 2 136+89* n.a n.a
pascuorum
Apis mellifera 46 126+ 15" 49 145+ 15° n.a n.a
L epidoptera 46" 414+15°2 467 2846+3.0° 119 41.2+139°
Syrphus n.a n.a n.a n.a 41 178+6.6°
balteatus
Siphona n.a n.a n.a n.a 26 888+418°
geniculata
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Table 4 Residence time in secnds (mean + s.e)) of insed spedes on female axd male heads of Scabiosa columbaria in the
Dutch population Assen on August 13 and 19 1997 between 10.30 and 12.00 h. For Helophilus pendulus and Bombus spec no
sufficient data for bath sexes of heads could be @lleded (compare Table 3). T-test after In transformation of the data, * =

p<0.05.
Female heads Male heads t-test
Date Spedes i i i i .
n residencetime n residencetime
Eristalis tenax 7 114+2.2 39 220+3.3 1.51ns
August 13
U9 Eristalisarbustorum || 6 78+17 40 20.3+3.0 251*
Lepidoptera 5 56.0+24.1 41 396+55 0.61ns
E. tenax 7 129+ 3.8 41 189+28 0.85n.s.
E. arbustorum 10 179+ 35 41 151+1.9 1.43n.s.
August 19
Apismellifera 4 81+14 42 151+16 1.40n.s
Lepidoptera 10 319+6.1 39 276+34 1.74n.s.

Theresidencetime of D. argentata females foraging for pollen was significantly shorter
(2.17£0.40sec mean + s.e,, n=30, SNK test, P<0.05 after In transformation of the data) than for
individuals foraging for nedar (6.89 = 0.70 seconds, n=37) or A. mellifera individuals (9.27 + 1.10
seaonds, n=49, data of afternoon August 4, 1994). Residencetime of females of D. argentata on
virgin female heads (not visited during at least 15 hours thus more nedar wasto be expeded) during
the morning was even shorter: 0.4 + 0.2 seoonds (mean + s.e., seeTable 7); thisvalue is
significantly different from the values found for D. argentata males and honeybees during the
morning (SNK test, P<0.05). Visits of females of D. argentata to female heads during the afternoon
were much longer than during the morning (28 instead of 0.4 seaonds respedively), indicaing that
they were now also interested in nedar. Duration of visits of males, foraging for nedar or searching
for mates, was similar during the morning and afternoon, but honeybees pent more time on virgin
female heads in the afternoon than in the morning (30 and 11secnds respedively, Table 7).
Differences between data @lleded duing the morning and afternoon were more pronounced than
diff erences between species.

Long residence times make high foraging speeals impossble: Lepidoptera and S. geniculata
are examples of this. Also honeybees gent areasonable time per head with a moderate foraging
speel. The beeD. argentata shows the opposite: short residencetime and high foraging speed.

In summary, the following sequencein increasing residencetime @n be derived from Tables
3and 7: D. argentata females, Bombus spec, D. argentata males, Syrphidag A. mellifera,
Lepidoptera and small flies.

30




6. Sex preference

The preference of inseds for afemale or male head differed between spedes. The small
syrphid fly Syrphus balteatus had a strong preference for male heals, eaing pollen from the anthers.
In adiscrimination experiment, E. tenax and E. arbustorum showed a preference for female flowers,
both during the morning and afternoon (testing binomial proportion with respedively Z=3.07,
P<0.001and Z=2.02, P<0.05, data of September 3, 1999. Bumblebees, honeybees and butterflies
visited female and male flowers acwrding to their frequency.

Females of D. argentata visited female and male heads acording to their frequency, both
during the morning and afternoon. However, honeybees showed a preference for male heads during
the dternoon (Z<3.7, P<0.0007) but not in the morning. This preference for male heals is also
reflected in the percentage of workers with corbiculae filled with pollen of the wlour of S
columbaria: only 6% in the morning and 39% of the workersin the afternoon carried filled
corbiculae

7. Pollen loads on insect bodies

The total number of pollen grains (all plant species) and the fradion S. columbaria pollen
among them varied very much between insed spedes (Table 5). The total body load of Lepidoptera
was small and ranged from 19-72 gains and the number of S. columbaria pollen only from 4-24
grains. The loads of syrphids (E. tenax) and bumblebees were comparable in size, varying between
942-1283 gains for syrphids and between 783-1764for bumblebees. The loads of honeybees were
slightly smaller: between 474868 gains. However, the number of S columbaria grains in the loads
was smallest in bumblebeeloads. 4-96; in syrphid loads 153407 and in honeybeeloads 260-860.
Pollen of Origanum vulgare, Daucus carota, Centaurea spec. and Compositaewere found in the
loads of inseds visiting Dutch S, columbaria populations. The load of D. argentata females
amounted to several thousands and contained a very large number of S columbaria grains.

In summary the following sequencein increasing pollen loads can be derived from Table 5:
Lepidoptera, Syrphidag A. mellifera, bumblebees and D. argentata. For the number of S.
columbaria pollen grains per load this sequenceis. Lepidoptera, bumblebees, Syrphidae A.
mellifera and D. argentata.
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8. Pollen deposition

Pollen deposition per visit (only S columbaria pollen) was grongly dependent on the
duration of avisit (residencetime): along visit resulted in a larger number of pollen deposited, upto
alimit of 240 pollen grains per head for E. tenax (Figure 5). After thistime an insed may have
deposited itstotal body load and a longer residencedid not result in a higher deposition. However,
to read this limit an insed must spend a rather long time per head, at least 150 seconds for E. tenax
(Figure 5). This very long residence time was only found occasionally for virgin female heads,
which were not visited duing at least 15 hours. The mean residencetime on virgin heads varied
from 11.8 to 369 seaonds for bumblebees on several observation days, 2.5to 77.1 seconds for
butterflies, 0.3to 47.1 seconds for syrphids, 11.3 to 301 for honeybees and 0.4-28.0 for D.
argentata (compare Tables 6, 7 and paragraph 5).
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Figure 5. Relation between pollen deposition and residencetime for Eristalis tenax
foraging for nedar in a Dutch population of Scabiosa columbaria (Haren, October
11, 1991; lineisafitted log curve, y=-174+69 In(x), r’=0.94, P<0.05).

The size of the pollen load deposited varied between insed species (Tables 6 and 7). Inthe
Dutch population, Lepidoptera deposited relatively few S. columbaria grains during a single visit;
Syrphidag bumblebees and honeybees deposited several tens of pollen grains (Table 6). For full
seal set (one sea per flower) at least four grains are necessary (seechapter 3). In Table 6 the
number of pollinated stigmas that received this minimum amount of grains are given. After avisit of
Eristalis or a bumblebeemore stigmas had this minimum amount of pollen grains than after a visit
of S balteatus or a butterfly. The number of stigmas with at least four S. columbaria grains
deposited after asingle visit was larger in the dternoon than during the morning for all Dutch insed
species measured (Table 6).
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Because pollen deposition per stigma is dependent on residencetime, the deposition per
stigma per seaond was calculated. Deposition was higher during the morning than in the afternoon
for all groups of inseds in the Dutch population, except for S balteatus. Lepidoptera were poor
pollinators concerning their total deposition and their deposition per time. Bumblebees and large
syrphids were both good pollinators (Table 6). To avoid the effeds of differencesin residencetime,
also the pollen deposition after a visit of a fixed time (20 seconds) was measured in a Dutch
population. Again Lepidoptera are poor pollinators compared to a syrphid species, bumblebees and
several syrphid species deposited similar numbers of grains per stigma per second (Table 8).

The mean total pollen deposition per head in cages with small flies was low compared to that
of E. tenax (15.0 £ 3.1 and 7251 + 202.0 respedively, mean £ s.e.). Taking into acount the number
of inseds responsible for this deposition, the pollination value of small flies was much lower than
that of E. tenax: eat small fly deposited on average 0.7 and ead E. tenax individual 1450 grains
per head; thus the pollen deposition of asingle E. tenax equaled that of nealy 200small flies.

The total number of pollen deposited per visit for D. argentata females during the morning
was low compared to D. argentata males or honeybees, but due to the very short residence time,
deposition per second was very high (Table 7). Also the number of fully polli nated stigmas (four or
more grains) was low for D. argentata females. Total pollen deposition by D. argentata females
during the dternoon was higher than during the morning; for honeybees the reverse was true. Pollen
deposition per unit time for A. mellifera was low and for Lepidopteravery low compared with D.
argentata but it equaled the values found in the Dutch population. Again, in general, deposition per
stigma per seaond was higher during the morning than in the afternoon (Table 7) except for D.
argentata males. For comparison, some values of pollen deposition per stigma per second are
illustrated in Figure 6.

L0 The Netherlands |

e
o0
|

<
(@)}
|

Pollen/ stigma/second
]
I~

<
[\
I

0.0
Eristalis tenax Lepidoptera Apis mellifera
Bombus spec. Dasypoda f Lepidoptera

Figure 6. Pollen deposition per gigmaper second on virgin heals of Scabiosa

columbaria by various insed spedesin a Dutch (Assen, August 19, 1996) anda
French population (Bramans cave, July 29 197).
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Discussion
Flowering

The species S columbaria and also its close relatives Succisa pratensis and Knautia arvense
have an interesting flower development. Flowers within one head show a different length (between
about ahalf and eight days) of a neuter phase, until all flowersin aheal had passed the male phase
before the stigmas protruded. Flowersin all phases (male, neuter and female) contain rectar.
Acoording to Snow & Grove (1995, there exists only few species with flowers in a neuter phase in
which the flowers remain open and continue to provide nedar without dispersing or receiving
pollen.

Ead flower produces about 340 grains per anther, so total pollen production per flower is
136Q The maximum number of S columbaria pollen that asingle stigma can hold is about 30
grains. Thus a maximum of 2.2% of the total number of pollen grains produced can reat
conspecific stigmas. Thisvalue iswell in the range of the 0.01-2.9% given by various authors (Snow
and Roubik 1987 Galen and Stanton 1989 Stanton et al. 1991, Thastesen and Olesen 1996
Rademaker et al. 1997 Larson and Barrett 1999.

Insect activity during the day and behaviour

Scabiosa columbaria is visited by alarge number of insed species of various orders. The
flowers of S. columbaria have such morphology and sizethat many insed species touched anthers
and stigmas while foraging for pollen and/or nedar on S. columbaria. Most insed species were
adive during alarger part of the day but they were differently sensitive for weaher conditions.
Bumblebees were ative already during clouded weaher, sometimes honeybees too (see éso Corbet
et a. 1993 Herrera 1997 but Syrphidae D. argentata and butterflies were mainly active during
sunny hours. This variability in insed behaviour implies that field observations depend on variable
conditions, which make absolute comparisons between populations hardly possible.

Residence time

Increased residencetime may result in alarger number of pollen deposited (Thastesen and
Olesen 1996 but if residence is very long the number of deposited pollen does no longer increase,
indicating an exhausting effed (in Figure 5 this point was reated after ¢.150 seaonds). This effect
was probably only important for the first visits during the day when nectar volumes were large but
not later when nedar became depleted and residence times were short. In general, residencetime on
virgin heads in the afternoon was longer than during the morning but poll en deposition per stigma
per second was lower (Tables 6 and 7). Residencetime a a discriminating charader between insed
species with resped to the evaluation of their pollination value is of no value becaise alonger
residencetime is not accompanied with a higher deposition per second (Table 7, compare
Lepidopterawith D. argentata). To avoid the complicaion of differences in residencetime we
allowed insedsto visit avirgin female head for 20 seconds (mean residence time on open visited
female heads during the morning varied for syrphids between 8 and 11 seconds and for Lepidoptera
it was 56 seaonds, Table 4). During these 20 seconds L epidoptera had deposited the larger part of
their S. columbaria pollen load but compared to the other insed species only a small number of
pollen grains (compare Tables 5 and 6).
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Pollen deposition and sex preference

To evaluate the polli nation value of insed visitors, several components of their pollination
behaviour were compared. Deposition per stigma per seand seems a reasonable measure to
compare insed species (Figure 6) but also thisvalue is influenced by environmental circumstances.
during high humidity, e.g. anthers remain closed. Tables 2, 6 and 7 cemonstrate large differences
between morning and afternoon data, colleded in the same populations. At all moments during the
day female heads beame receptive and the ratio between female and male heals is continuously
changing. For instance, during the morning we observed 1726 females and during the dternoon
26.3%. During the afternoon new heads garted to flower, some of the heads flowering as male
became female and female heads during the morning, wilted duing the afternoon. It is difficult to
predict at what time of the day most flowers will be pollinated; at all moments during the day pollen
grains and receotive stigmas are available. Most insed species deposited more grains per stigma per
second duing the morning than during the afternoon both in the Dutch and in the French
populations. A preference for female heads during the afternoon shown by two frequently occurring
syrphid species (E. tenax and E. arbustorum) may increase their importancein polli nation during the
afternoon. Females of the specialist beeD. argentata did not prefer male to female heads. However,
the residence times on male and female heads differed. Apparently, this ecies can distinguish
between the sex of heads only by touching them. This short touch of the female head resulted in
pollination. Honeybees on S. columbaria showed a preferences for male heals during the afternoon,
also refleded in ahigher percentage of corbiculaefilled with S. columbaria, but no preference
during the morning. During the morning they mainly foraged for nedar, present in male and female
heads.

Pollination value

In Table 9, four behavioural charaderistics to be believed of main importance for the
pollination value, both qualitatively and quantitatively, are ranked for five insed taxa, based on the
data presented in this chapter. Flight distance is important as measure for the distance pollen can
travel (qualitative asped). Number of heads visited per minute gives an indication of the number of
pollinations an individual of an insed species can make during the day (quantitative asped). The
purity of the body load is an indicaion of the qualitative value of an insed visit; alow purity will
result in a high heterospecific pollen deposition. A high deposition of S columbaria pollen
deposited per stigma per time is a qualitative asped of the value & pollinator. Various S
columbaria populations can be served by adifferent asped. For instance for small populations the
input of pollen from another population may be very important and visitation by butterflies
contributes to this asped. FHight distances between visited flowers do not completely reflect the
mobility of inseds and their importance of inter-patch flights. Syrphids are @mntinuously flying
between flowers in a patch and between patches, resulting in a low recature percentage of marked
individuals (c. 4%). Both syrphids and butterflies do not have nest duties, allowing them to fly large
distance Bees are restricted in their foraging radius by the fact that they have to return to the nest.
Foraging speead (number of heads visited) in combination with the @undance of insed species
determines the frequency of visits on a population level; this asped is described in a separate paper.
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Also the frequency of occurrence of the behaviour is important. An occasionally occurring
visit over a large distance may be enough for the required inpu of foreign genes in a small
population, but the purity of a pollen deposition isimportant for every visit.

Table 9 Comparison of several behavioral characteristics of five important taxa of visitors of Scabiosa
columbaria. The marks 1-5 indicate their significancefor crosspallination: 1 indicees the best performance 5
the worst (figures are derived from the morning values of Tables 5-7).

Insed taxon flight distances number of heads | purity of pollen | number of S columbaria

per minute load poll en per time deposited
Syrphidae 35 34 4 2
Bombus spec 35 2 5 4
Apis mellifera 35 34 2 3
Dasypoda argentata 2 1 1 1
Lepidoptera 1 5 3 5

The specialistic beespedes D. argentata scored high for all four components (Table 9), so
we @nclude that this geciesisavery good pollinator of S. columbaria. Although the number of
fully pollinated stigmas per visit was low, they made many visits, which may result in a high
paternal diversity. The size of the body load was never alimiting fador. Summarizing, D. argentata
females were rapid foragers, with a high purity load with probably alarge variation in origin of
pollen donors. In addition, males had large flight distances, which also contributed to the variation
in origin of pollen donors.

Honeybees and syrphids are comparable & pollinators, both having a moderate pollination
value but they differ probably in the amount of inter-patch flights. Honeybees are rather restricted in
the surfaceof their foraging areabut syrphids are not. Several other studies concluded that
individual honeybees are moderate polli nators (Kwak 198Q Sugden 1986 Herrera 1987
Westerkamp 1991 Willmer et al. 1994 Roubik 1999 but dueto their large numbers they are
sometimes responsible for most pollinations (Sugden 1985; Herrera 1989. Honeybees are flower
constant in many cases but in the population Modane their body load contained 50% heterospecific
pollen (Table 5), indicaing that during their foraging trips at least two plant species were visited.

Bumblebees have aslightly higher pollinator value than syrphids if we consider the four
components of Table 9. Surprising isthat the body loads of bumblebees, which are wnsidered as
relatively flower constant (Heinrich 1979 are very heterogeneous with only 0.5-11% S. columbaria
pollen, even less than found on syrphids. Part of the bumblebees were males which are probably less
flower constant than workers but also workers had a very low percentage of S. columbaria pollen
(only 0.5%, Table 5) compared to other studies (71.5-92.3% conspecific pollen in Petanidou et al.
1995; 93% in Petanidou et a. 199%). Pollen loads were olleded in natural populations where
many other plant species were also flowering. Pollen deposition measurements were done in the
artificial population Assen where bumblebees were specialized on S. columbaria in the absence of
other flowering plants. Both in natural and artificial populations, we never observed worker
bumblebees with corbiculaefilled with S. columbaria pollen, indicaing that they visited S.
columbaria only for nectar. Thus, bumblebees had the potential to be good polli nators measured in
our artificial population, but in naetural populations they carried so few S. columbaria grains that
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their importance & pollinators of these natural populations was deaeased. Bumblebees were adive
during more hours per day than other visitors, sarting ealier and continuing longer, and were also
adive during less suinny weaher. Jennersten et al. (1991 found that the major diff erence between
bumblebee @stes wastheir adivity periods. Workers were ative the entire day but males foraged
predominantly later during the day; males and workerstraveled similar distances in the field.

Syrphids were the most common visitorsin the Dutch S. columbaria populations. For several
aspeds in relation to polli nation they were more or lessas good as bumblebees (see Table 9). One
disadvantage of syrphid (and also bumblebeé pollination of S. columbaria is the large number of
heterospecific pollen deposition. Its effed on seal set of S. columbaria is unknown hut at least the
foreign pollen occupied spaceon the stigmas. Also Olesen & Warncke (198%) found that syrphids
caried heterospecific pollen (23.7-25.2% of the total load was heterospedfic) but these aithors
found that for butterflies (Zygaena trifolii, aday adive moth, also observed as a visitor of S
columbaria in the French populations) thiswas 91.5%. Similarly, Keans & Inouye (1994 found
that flies deposited 23 heterospecific pollen. Little is known about the flower constancy of
syrphids. Goulson & Wright (1998 found marked floral constancy for two pollen-foraging syrphid
species in a mixed plant community. McGuire & Armbruster (1991) found that syrphids (species not
mentioned) strongly preferred Saxifraga reflexato S tricuspidata and that interspecific transitions
by syrphids were uncommon.

Small fliesin cages deposited a very small number of pollen grains on S. columbaria heads
compared to the deposition by E. tenax. Also the number of heads visited per minute was very low
(Table 3) and their pollen carrying cgpacity was expeded to be small. These feaures combined
make this fly species an unimportant pollinator considered at an individual base.

Lepidoptera ae important as long distance vectors being the only group regularly flying
more than 10m between successive flower visits. However, the number of pollen they deposited was
restricted compared to the other species. Schmitt (1980, Herrera (1987) and Olesen & Warncke
(198%) also found that butterflies were important as long-distance pollinators; their occasional long
flights have astrong potential to increase neighbourhood size (Schmitt 1980 Olesen and Warncke
198%). Moths and butterflies differed in size of the total load and the number of S columbaria
grains (Table 5). Moths did carry fewer grains but unfortunately we could not measure their pollen
deposition due to their low abundance when the measurements were done.

Insed species differed in the frequency distribution of pollen grains deposited on the
stigmas. After avisit of a honeybee bumblebeg D. argentata male or asyrphid (Eristalis or
Helophilus species) between 5.7 and 17.0 sigmas had received the minimal number of four pollen
grains for the development of asingle sead (Tables 6,7). After avisit of an individual of
Lepidoptera, or of the syrphid S balteatus or of the beeD. argentata females, this value was lower,
between 0 and 6.7. Especially S balteatus and L epidoptera pollinated only a small number of
stigmas per visit. Thus none of the insed species pollinated a head completely during a single visit,
due to either short residence times and/or due to a shortage of S. columbaria pollen on the body of
theinseds (seeTables 3,4, 6 and 7 for residence times and total pollen deposition, and Table 5 for
the number of S. columbaria pollen on bodies). To acieve full seal set, heals must be visited
several times during the receotive phase, which lasts generally only a single day. For all populations
investigated in this asped, we found that heals received indeed more than one visit per day with a
maximum of 95 wsits during six hours of insed adivity in asmall population (unpubl. data).
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Summarizing, this gudy showsthat insect taxa differ very much in their polli nation value of
S columbaria. Eadh taxon contributes diff erently to the various components of quality and quantity
involved in the pollination of S. columbaria. This emphasizes the importance of adivers pollinator
guild for complete and high quality pollination of a plant species.
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Comparison of different measures of gene flow in an experimentally fragmented
population of insect-pollinated Scabiosa columbaria

With M.M. Kwak, F.J. Weissng and R. Bijlsma

Summary

The amount of gene flow is an important fador, affecting the level of genetic e'osion
after fragmentation of aformerly large population. For many animal-polli nated plants, gene flow
occurs mainly by pollen, and is therefore depending on the foraging behaviour of their
pollinators. Several different methods exist to estimate gene flow by pollen and their relative
performance was assessed under semi-natural conditions. Pollen flow was measured between
patches of Scabiosa columbaria by means of fluorescent dye powders, dired pollen number
counts and allozyme markers. The main pollinators were bumblebees and syrphid flies. Variation
between fields and days was large for all methods. High dispersal of fluorescent dye powder was
not always refleaed in high gene flow, as measured by allozyme analysis and vice versa.
Nevertheless when averaged over multiple replicates, dispersal patterns of fluorescent dye
powder and allozyme alleles were almost identicd. Estimates of pollen flow, based on dispersal
of pollen grains were qualitatively similar to dispersal of dye powder and allozymes, although
guantitative estimates of gene flow were somewhat higher. No significant effeds on seed set
were detected. The consequences for estimation of gene flow in fragmented habitats are
discussed.

Introduction

Many plant species depend for their reproduction and gene dispersal on insed pollinators.
Not surprisingly, plant-pollinator interadions have been the subject of investigations for several
centuries (Baker 1983. During the last decales human adivities have caised significant
reductions in population size and increasing fragmentation of the remaining plant populations.
This undoubtedly wil | affed plant-pollinator interadions (Stanton et a. 1991, Rathcke and Jules
1993 Conner and Neumeier 1995 and consequently change reproductive and gene flow
patterns. Because such pollinator-mediated changes in reproduction and gene flow may have
important consequences for the persistence of plant populations, these processes have become a
topic of special interest in recent yeas (Jennersten 1983; Olesen and Jain 1994; Van Treuren et
a. 19949.

The degreeof isolation of individuals in a fragmented plant population is very important
in the context of its vulnerability to stochastic processes. Increased levels of isolation between
subpopulations lead to a higher risk of extinction because of demographic, environmental and
genetic stochasticity (e.g. Lande 1988. If we neglect the dfeds of sead dispersal and
concentrate on gene flow between existing populations, genetic stochasticity will be amajor
fador influencing population wilnerability. With deaeasing population sizes and increasing
isolation, genetic drift will become more important and (bi)parental inbreeding will increese. As
aresult, populations will suffer from enhanced inbreeding depresson and probably negative
fitness effeds related to reduced genetic variation. The combined negative effeds of changesin
the genetic composition of small, isolated populations are clled genetic erosion (Van Treuren et
al. 1991 Van Treuren et al. 1993). The impad of genetic erosion is highly dependent on the
effedive population size, and thus on the degreeof isolation between (small) subpopulations.
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Several methods have been developed to estimate isolation in natural populations of
flowering plants, varying from the analysis of the genetic structure of the plant population to
dired tradcing of dispersal of genes, pollen or pollinators. However, these different tedniques
for measuring gene flow have been compared only occasionally, complicaing the evaluation of
their relative reliability for estimating eff ective gene flow.

Many studies have used measures of genetic differentiation between plant populationsto
estimate the amount of genetic exchange between them (e.g. Van Dijk 1987 Campbell and
Dooley 199; Rasmussen and Brgdsgaad 1992 Westerbergh and Saura 1994 Lattaet al. 1998.
Estimates of gene flow based on the genetic differentiation between populations, are much larger
than those obtained from dired observations. However, results of these studies on genetic
differentiation might be confounded by other processes than gene flow alone. For example,
founder effeds or seledion will also influencethe amount of genetic differentiation between
populations (Slatkin 1987 Campbell and Dooley 1992. Dired observation of the exchange of
genetic marker alleles is less hampered by these limitations. Handel (19821983, using a
morphologicd marker, found that pollen flow is very restricted, even within a single population
and may highly depend on local conditions. Movement of genetic markers between populations
has been observed to occur at somewhat larger spatial scdes (measured in meters, not in the
number of conspecific individuals), but was found to be still restricted to approximately one
kilometer, depending on the plant species under study (Ellstrand and Marshall 1985; Ell strand et
al. 1989 Skogsmyr 1994). The development of molecular techniques, such as DNA
fingerprinting and microsatellite analysis, has increased the number of available genetic markers,
but such studies are still expensive and time-consuming and thus limited in sample size
Moreover, these methods may easily miss the highly incidental and unpredictable gene flow over
long distances, which has important consequences for overall patterns of genetic variation (see
Slatkin, 1985for review; Neigel, 1997).

Alternative estimates of gene flow can be obtained by trading dispersal of pollen or
pollen analogues or by trading flight patterns of pollinating inseds. For large pollinators with a
limited foraging areg like (bumble)bees and hummingbirds, flight distances between sequential
flower visits are relatively easy to obtain but they generally underestimate gene flow distances
compared to genetic markers (Schaal 1980; Ennos and Clegg 1982 Thomson and Thomson
1989 Karron et al. 199%)). Carry-over of pollen might be an important cause of this
discrepancy. Dueto carry-over, pollen istransported to several subsequently visited flowers
instead of only to the first one, resulting in an increase in pollen dispersal distance mmpared to
the flight distance between subsequent flower visits. Still, pollen dispersal is often restricted to
distances of only a few tens of meters (Thomson and Thomson 1989 Pleasants 1991 Nilsson et
a. 1992.

In the dsence of specific pollen markers, dired observation of pollen flow isimpossible.
In these caes, one often hasto rely on indired estimates using for example fluorescent dye
powders. Dispersal charaderistics of pollen and poll en analogues have been compared in carry-
over experiments. In most studies a qualitative agreement in dispersal behaviour between
fluorescent dye powder and pollen has been found, both declining in a similar way with distance
or the sequentially visited flowers (Campbell 1985 Thomson et al. 1986 Waser 1988 Fenster et
al. 1996 Rademaker et al. 1997). However, the asolute amounts which are dispersed might be
different for pollen and dye powders, probably in relation to differences in adherenceto
pollinator and stigma and in the initial amount avail able in the donor flower (Snow et a. 1996.
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To compare relative pollen dispersal under different conditions this variation in absolute
amounts dispersed is not important and the use of fluorescent dye powders as pollen analogues is
generaly justified.

Few studies have compared dispersal of pollen (or pollen analogues) with eff ective gene
flow. Post-pollination events like pollen competition, seledive abortion or inbreading depression
may modify the successof pollen from different source plants, thereby changing the dispersal
distance of successful pollen. In two studies dispersal of fluorescent dye powder and genetic
markers were compared. In an experimental setup wsing transgenic Brassica, Cresawvell et al.
(1995 measured flight distances of bumblebees and honeybees. These results were combined
with datafrom a cary-over experiment with fluorescent dye powder to predict the pollen
dispersal distance Dired measures of gene flow by genetic marker alleles from the transgenic
Brassica plants were found to be more restricted than those estimated by flight distances and
pollen cary-over (Cresswell et a. 1995. In contrast to these results, Campbell (1997) found that
dye powders underestimated gene flow by genetic marker alleles. She used paternity analysis
within threenatural populations of Ipomopsis aggregata to estimate gene flow distances by
hummingbirds and compared these estimates to dispersal estimates obtained by fluorescent dye
powder (Campbell 1991). The surprisingly high gene flow, compared to the estimates using
fluorescent dye powder, was probably due to occesionall y long distance flights by infrequently
visiting hummingbirds.

For all estimation methods it is generally found that gene flow by pollen in insed-
pollinated plantsisrestricted, but quantitative estimates may differ between estimation methods.
Thus far, most comparative studies have been done in single (large) populations or in carry-over
experiments. However, to assesspopulation wilnerabil ity after habitat fragmentation, the
guantification of gene flow in the cntext of fragmented populationsis crucial. Despite its
importance in conservation biology, the reliability of different techniques to estimate gene flow
in fragmented populations is largely unknown. In this gudy, we mmpare several estimates of
gene flow in a fragmented population, under semi-natural conditions. Estimates of dispersal of
pollen and pollen analogues (fluorescent dye powder) and of effedive gene flow by allozyme
markers between small and isolated patches of S columbaria are made simultaneously. We then
systematically investigate the diff erences between these estimates of pollen dispersal and gene
flow, and evaluate the use of the various methods for different purposes.

M aterial and methods
Plant species and experimental setup

Scabiosa columbaria (Dipsacaceagis agynodioedous, protandrous perennial of dry
calcareous grasslands, that is currently endangered in The Netherlands (Van Treuren et al. 1991).
Itsflowers are aranged in heads of 40-100 hermaphroditic flowers, eat containing one ovule.
Heals gart flowering in male phase for a few days, during which new flowers open
continuously. When all flowers have opened, the whole head enters the female phase. Usually
heads are female for only a single day, but this can be extended to two days when the head
remains unpolli nated. Scabiosa columbaria is dependent on insect pollinators for fertilization of
the ovules. Although the plant is slf-compatible, outcrossing ratesin retural populations are
very high and artificial selfing severely reduces the percentage developed seeds (Van Treuren et
a. 1993).
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Experimentally, we constructed two populations each with threesmall patches of potted
plants of S. columbaria. The patches consisted of 30 heals each, were linealy arranged and
separated by 25m distance within the two fields (Figure 1). From previous experience we know
that this distanceis sufficiently large to restrict the amount of gene flow between the patches
considerably, compared to within-patch gene flow. In the first field (patches 1-3), ead patch was
marked by a unique allozyme genotype and a different colour of fluorescent dye powder, to
allow comparison of dispersal of genes and pollen analogues within and between patches. In the
second field (patches 4-6), all male phase heads in the outer patches (4 and 6) were anasculated
every 30 min. to prevent within-patch polli nation and only the central patch (5) functioned as a
sourceof pollen and dye powder. In this case, dispersal of pollen grains could be direaly
compared with estimates based on pollen analogues and genes. Comparison between both fields
allows estimation of the importance of within-patch pollen flow relative to between-patch pollen
flow. For these cmparisons transport of pollen (analogues) and genes to the outer patches within
both fields is expressed relative to the amounts in their central patch (2 or 5 respedively).

Field 1 Field 2

65 m

Patch 1 2 3 4 5 6

Figure 1 Experimentd setup, consisting of two fields with each threepatches of Scabiosa columbaria. Fill ed
circlesindicae patcheswith 20 4 and 10 ¢ heads. Each patch had a unique colour of fluorescent dye powder.
Female flowering plants were all homozygous for the common allozyme al ele, male flowering plants were
heterozygous for the @mmon alee and a unique all ele. Open circles indicate patches with 20 emasculated 3 and
10 @ heads, these plants were all homozygous for the common allele. Populations are located on 2 different
fields, separated by a ditch.

The two replicated populations were locaed on different fields, both without other
flowering plant species. The distance between the two closest patches of the two fields was
limited to 65 m (Figure 1). All patches had an equal size, consisting of 20 male phase heads and
10 female phase heads, which were virgin at the start of the experiment. The experiment was
repeaed 5 times in August and September 1996 Although no seledion for weaher conditions
was made, weaher variation between days was small (Table 1). Each replicate observation
started between 10 and 11AM, while after 5to 6 hours most stigmas contained pollen and the
experiment was terminated. The female phase heals were bagged to prevent further pollination.
After two weeks eads were mllected and the numbers of developed and failed seeds were
counted.
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Table 1 Details of the experiment and weather conditions for each day of observation. Observation rounds
were made in the morning and in the afternoon. Orientation of the experiment: line from patch 1 to 6 goes
from WestNorthWest to EastSouthEast.

Day (1996 [ Sunshine | Max.temperature (°C) Wind speed (m/s) | Duratio | Number of rounds
and dredion n (am.,p.m.)
August 16 Oh 197 2 3h 30, 15
August 22 55h 245 2 6h 30, 30
September 2 9.3h 20.3 2 5h 30, 30
September 6 6.1h 195 3(N) 6.5h 30, 30
September 11 2.4h 158 4(W) 6h 30, 30

Insect visitation

In the morning and in the afternoon we made 30 pint observations of insect visitation for
all six patches (60 observation rounds in total). Insects were dassified into 6 groups, given in
order of pollination efficiency (seechapter 2): (1) Apidae(almost exclusively bumblebees), (2)
large syrphid flies (Diptera, Eristalis and Helophilus species), (3) other flies (Diptera, including
Rhingia campestris), (4) (Epi)syrphus species (Diptera), (5) Lepidopteraand (6) small Sphona
flies (Diptera). Except for (Epi)syrphus species al visitors are known to colled nedar, and did
indeal not react to emasculation treatments (not shown). Previous experiments have shown that
bumblebees and large syrphid flies are efficient pollinators of S columbaria, whereas the other
visitors contribute very little to its pollination (Kwak and Velterop 1997. To get insight into
flight patterns and pollen transport we marked individual bumblebees. Marking of syrphid flies
was highly ineffedive, due to the constant turnover of individuals (Ottenheim, pers. comm., and
own observations).

Dispersal of pollen and fluorescent dye powder

Using a magnifying glass (20x), the number of pollen grains (size 50-70 um, pers. comm.
G. Romeijn) on all stigmas was determined at the end of each day. Given the high pollen
availability in non-emasculated patches, the number of pollen grains per stigmawas roughy
estimated for these patches, while we used dired counting of pollen grains on all stigmas for
emasculated patches. Differences in stigmatic pollen load between patches were tested non-
parametrically (Kruskal-Wallis over 6 patches, tested per day).

At the start of the experiment, fluorescent dye powder (Radiant Color NV, Houthalen,
Belgium) was applied as a pollen analogue to five male phase heads in all non-emasculated
patches (1,2,3,5). Each patch recaved dye powder of a different colour and colours were rotated
between the five experimental days. At the end of the day, 10 stigmas per female phase heal
were sampled in each patch, mounted in glycerin on a microscope slide and stored for later
analysis. For al patches, the number of fluorescent dye particles per stigma was determined for
each colour, using a fluorescence microscope (400x). Because the number of dye particlesis
expected to decay exponentially along a visitation sequence (e.g. Campbell 1985, we used a
logarithmic scale. Small numbers of dye powder were diredly counted (upto 16), while larger
amounts were estimated in classes of exponent 2 (<32, <64, <128, ..., <2048 rarticles per
stigma). Based on these 100 stigmas per patch, the mean number of dye particles per stigma was
estimated for ead patch, using log-transformation. Because the goplied amount of dye powder
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will vary between heads, patches and days, the dispersal of dye powder to other patchesis
presented relative to the anount deposited in the source patch.

Seed set and gene flow

After about two weeks the seeds were olleded and the percentage of developed seeds
was determined (Van Treuren et a. 1994). To assessgene flow directly we used allozyme
analysis of all developed seals. Because we had insufficient numbers of homozygous rare
genotypes, we had to use male phase plants, which were heterozygous for acommon allele (N)
and a patch-specific alele (S I, M and F respedively) at the Glucose-phosphate-isomerase
locus. All female phase plants were homozygous for the ammmon allele. Each source patch hed a
different patch-specific allele, which was rotated over the five experimental days. For more
information about electrophoretic tedhniques and allele distinction, seeVan Treuren and Bijlsma
(1992. The paternal patch could be determined for those seals, which had received a patch-
specific allele (about half of the seeds, since heterozygous males were used). Gene flow to other
patches is expressed relative to the amount of gene flow within the source patch.

Results
Insect visitation

Species composition of visiting inseds was relatively similar in all patches (Figure 2A).
Most syrphid spedes visited S. columbaria for nedar and dd not discriminate between
emasculated and intad male phase heads. Bumblebees foraged mainly for nedar, but they visited
patches with intad male flowers (1,2,3,5) dightly more often than patches with emasculated
flowers (4,6) (binomial proportion, P<0.05). This might have reduced pollen flow in field 2,
especially in August when most bumblebees were present. Only (Epi)syrphus spedes adively
consumed pollen of S. columbaria and these spedes preferentiall y visited petches with intad
flowers over patches with emasculated flowers (P<0.0001). Butterflies were frequently seaching
for mates instead of foraging for food and they also visited petches with intad flowers more
often (P<0.0001). Sphona had a slight preferencefor patches with emasculated flowers
(P<0.05), possibly because these very small flies are disturbed by the anthers of non-emasculated
male flowers.

400

500
] B[]

(7
Lepidoptera

N\

N

[\ [9%] B

[ o (el

[«] (el (el
L L I

—

o

[«
L

Number of visits per 60 rounds
Number of visits per 60 rounds

Large Syrphids

16-08 22-08 02-09 06-09 11-09
Date (1996)

Apidae

Figure 2 Number of visits per insed group during olservationsin 60 rounds. (A) Total number of observations per
patch, averaged over five daysin 1996. Patch 4 and 6 had been emasculated. (B) Total number of observations per
day, averaged over 6 patches.
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Although all replicates were performed within a month the species composition clealy
changed over the season (x?= 3592 P<0.001, Figure 2B). Of the important polli nators of S.
columbaria, bumblebees declined in rumbers and were replaced by large syrphids (Eristalis
species), retaining pollination of S. columbaria high. Unfortunately, marking of bumblebees was
restricted dueto practical limitations and consequently observations of individual pollinator
flights were highly incidental. On August 22 the largest number of bumblebeeindividuals was
observed, with the highest number of flights between patches, but amost exclusively within
fields (Table 2). On September 2 more flights between the two fields were recorded, made by
only a single bumblebee This observation illustrates the large number of flights, which can be
made by only a few bumblebees, and the importance of individual marking of flower visitors.
Later in September no bumblebeeflights between fields were observed. Sinceonly a small
fraction of all visitors could be marked, the potential gene flow between patches is high,
especially for the first experiments. Some gene flow between the two fields hasto be expeded.

Table 2 Movements of individually marked bumbl ebees. Two sequentia observations of a
marked bumblebeein dfferent patches are defined as a movement. Between brackets the
number of bumblebee individual s contributing to the movements within each category is given.

Number of observed Movements
Day (199 | individual bumblebees | \yiipin figd 1 | Within field 2 | Between fields
August 16 2 12(2) 0 0
August 22 11 68 (6) 29(5) 1(0)
September 2 3 8(3) 5(1) 12(1)
September 6 1 0 4 (1) 0
September 11 0

Pollination and seed set

Polli nation intensity, measured as pollen deposition per stigma, was high but variable on
all days (Figure 3). Patches with non-emasculated flowers (field 1 and patch 5) generally
received between 5 and 10pollen grains per stigma. Pollen deposition was significantly lower in
patches with emasculated male flowers (4,6), which depended on between-patch pollen transport
for polli nation (Kruskal-Wallis over all patches, all days combined P<0.0007). Clealy within-
patch polli nation occurred frequently in S. columbaria. There was considerable variation in seed
set, but no consistent diff erences between experimental treaments were found (Figure 4).
Variation in seed set between individual heads within a patch and between patches, fields and
experimental days, was very high. Consequently, no significant differences in sead set were
detected (Kruskal-Wallis).
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Figure 3 Mean number (mean + s.e.) of pollen grains per sigma per patch. The upper right corners $iow the dates
of the experiments (1996. Patch 4 and 6 were emasculated and poll en grainswere diredly counted at al stigmas.
For the other patches estimates of the number of poll en grains per stigma were made for each female phase head.
Identical |etters above bars indicae means, which are not significently different at the 5% level (Kruskal-Walli s, all
patches together).
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Percentage developed seeds

Figure 4 Percentage of developed seeds per head per patch
(mean £ s.e. over the five days). Patch 4 and 6 were
emasculated. In generd, ten heads per patch per day were
anaysed.

Dispersal of pollen (analogues) and genes

Dispersal of pollen grains could only be observed diredly in field 2, where the outer
patches had been emasculated. Although, prevention of within-patch pollination did reduce
pollen deposition on the stigmas to about one third, considerable amounts of pollen were
transported over 25m (Figure 3, compare patches 4 and 6 with patch 5, Table 3). Dispersal of
fluorescent dye powder to neighbouring patches within each field, varied between days, ranging
from approximately 5% to 30%, compared to the deposition within the source patch (Table 3).
Most dye powder was deposited within the source patch (which is st to 100%), but movement
among patches within afield (over up to 50m) occurred regularly. In general, the two fields
differed hardly with resped to the level of dispersal within each field, indicating that
emasculation did not influence transport of fluorescent dye powder (seeTable 3). No significant
differences in dispersal could be deteded, due to the high variation between days. Only on
September 11, dye powder dispersal in field 1 seansto be lower than in field 2, but sample sizes
were too small to allow statisticd testing. Dispersal of dye powder between the two fields was
low. The amount of dye powder, which is deposited in patches in the other field, was always less
than 2.5% of the amount found in the source patch. Thus, isolation between fields was
reasonably high.
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Table 3 Relative dispersal of dye powder, alleles and poll en grains per receptor patch per observation
day. The number of particles, found in each receptor patch, is expressed as percentage of the number
deposited in the source patch. Note that field 1 consisted of threepatches, which all functioned bath as
source and receptor. Field 2had only a single patch functioning as bath source and receptor and
additionally two emasculated patches, which functioned asreceptor only. Fluorescent dye powder was
determined on a sample of ten gigmasfor each of the ten femal e phase flower heads per patch. Paternity
could be determined for 351, 404, 229, 303 and 72 seads on August 16 until September 11, respedively.
Dispersd of pollen grains could be measured in field 2 anly. The number of poll en grains was counted
diredly on al stigmasin petch 4 and 6 and estimated in patch 5. n.a. = not applicable, can be scored only
for emasculated patches, ** dispersal of dye powder could be measured anly from source patches 2 and
3, becuse two indigtinguishable dye colours were used by acddent in patch 1and 5

Percentage of source patch
Day (1999 Dye powder Alleles Pallen
August 16 ** W?th?n ﬁeld 1 15.7 14.6 n.a
Within field 2 *x 26.1 275
Between fidlds 0.8 19 n.a
Within field 1 24.4 17.3 n.a
August 22 Within field 2 26.3 66.7 46.6
Between fields 15 6.7 n.a
Within field 1 4.9 4.4 n.a
September 2 Within field 2 8.0 4.7 47.0
Between fidlds 14 12 n.a
Within fidd 1 23.9 6.0 n.a
September 6 Within field 2 29.3 37 24.6
Between fidlds 15 0.2 n.a
Within field 1 4.4 7.2 n.a
September 11 Within field 2 234 50.0 345
Between fidlds 23 21 na

The relatively strong isolation between the two fields was confirmed by the allozyme
analysis. Out of 3963 gnotyped seals, 1359seeads were sired by a patch-spedfic allele, for
which paternity could be assigned with certainty. Gene flow was measured for eat source patch
separately, by analysing the distribution of ovules sired by the patch-specific allele of that source
patch. To calculate the amount of gene flow, the number of ovules sired in each receptor patch
was divided by the number of ovules sired within the source patch itself. The average level of
gene flow for al source patches is given in Table 3. Large variation in gene flow between
different source patches, fields and days was observed. Gene flow within fields was always
higher than gene flow between fields. Except for August 22, fertilization by plants from the other
field was below 2.5% of the fertili zations within the source patch. The relatively high dispersal
of allozyme markers between fields for August 22 was not found for dispersal of fluorescent dye
powders (Table 3).

Gene flow within afield was found to be influenced by emasculation. Within field 2
dispersal of alleles was much higher than within field 1, except for September 6 (Table 3). The
difference was not gatisticaly significant, dueto low sample sizes and large variation between
source patches and days. Nevertheless, the @sence of ‘local’ pollen within emasculated patches
(4,6) increased the detection of fertilizations by pollen from the neighbouring petch (5). In
patches with intad, non-emasculated flowers (field 1), the majority of the seeds (75-90%) was
fertilized by pollen donors within the own patch (Table 3). Variation in gene flow between days
was higher within field 2 than within field 1 The &sence of ‘local’ pollen in the outer patches of
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field 2, made gene flow more susceptible to Sochastic variation compared to field 1. The

transport of fluorescent dye powder was not affected by emasculation and dispersed relatively
similar in both fields. Within field 1, dispersal of fluorescent dye powder and allozyme alleles

had the same order of magnitude (seeTable 3).

Averaged over five days dispersal patterns of pollen grains, fluorescent dye powder and

allozyme alleles were qualitatively similar (Figure 5). High dispersal of dye powder
corresponded generally with high pollen and gene flow. However, comparison of the values

observed for patches 4 and 6 with those of patches 1 and 3, reveals that emasculation resulted in
consistently higher estimates of dispersal levels, based on pollen counts and allozyme markers,

than based on fluorescent dye powders (Figure 5, bottom). This indicates that the estimation
methods were differently aff ected by emasculation.

Source patch 1

Proportion of donor patch

Patch

Source patch 2

Proportion of donor patch

Source patch 3

Proportion of donor patch

1.0

4 Source patch 5
0.5+

0.4+
0.34

0.24

Proportion of donor patch

0.1
0.0 =f

Figure 5 Relative dispersal of pollen grains, dye
powder and all eles per receptor patch averaged over
five days (1996. Source patches areindicated. The
number of particles found in areceptor patch is
expressed as a fraction of the number deposited in the
source patch. The number of pollen grains was
counted dredly on al stigmasin patch 4 and 6and
estimated in patch 5. Fluorescent dye powder was
determined on a sample of ten stigmas, for all ten
female heals per patch. Open: dye powder, black:
allozyme all eles, hatched: pollen grains.
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Discussion

Variation between days in estimated pollen flow was high for all methods, which isin
agreement with other studies (e.g. Thomson and Plowright 1980 Campbell and Waser 1989
Harder and Barrett 1996 Snow et al. 1996 Kwak 1997). Furthermore variation was partly
independent for the different methods, e.g. the high level of effedive gene flow between fields
on August 22 was not correlated by dispersal of dye powders and a high level of dye powder
transport on September 6 was not refleded in dispersal of allozyme markers. This might be
related to the behaviour of the inseds. When a single individual pollinator is largely responsible
for gene flow, high stochasticity is introduced, depending on the individual foraging pettern. A
large impact of only asingle individual bumblebee was found for Phyteuma nigrum at the end of
its flowering season (Kwak et al. 1998, and is also suggested by the bumblebee movements
between our fields (Table 2). Unfortunately, syrphid flies are not useful for cgpture-mark-
recature studies (own data, Ottenheim pers. comm.), making it impossible to obtain more
reliable data on individual foraging behaviour of these important pollinators. Espedally on days
with relatively low visitation rates, the inseds could missby chance the heads with dye powder,
which was applied on only 25% of all male phase heads, leading to variation in dye powder
dispersal. Sinceall male heals possessed the same genetic marker, these could not be missed by
the inseds. However, since the number of genotyped seeds is often limited, gene flow estimates
are subjeded to even higher stochastic variation than dye powders.

Eadh method for estimating gene flow has both advantages and limitations; therefore, the
choice should depend on the specific reseach questions in combination with charaderistics of
flowers and pollinators. Tradking individual pollinators grongly depends on the presence of the
right pollinators (e.g. bees, bumblebees or butterflies). Even then, additional experiments are
needed to obtain insight in their relative importancefor polli nation, depending on charaders like
body load and deposition of pollen, foraging speed, flower constancy and flight distance (chapter
2; Kwak, 1997 #453%. Nevertheless mark-recature experiments of polli nators may provide
useful information about the potential for pollen flow between (sub)populations on relatively
large geographic scales. More dired measures of gene flow, like dispersal of dye powders or
allozyme analysis, would require enormous sample sizes, due to dlution effeds with increasing
distances. In cases, where the potential target areafor gene flow is limited, genetic markers will
give the most reliable estimates of effedive gene flow and provide insight into the consequences
for the genetic population structure, sincethey include post-polli nation seledion of genotypes
(Snow et a. 1996. Dispersal of dye powder does not require the availability of genetic markers,
but it ignores post-pollination seledion of genotypes. Dye powder is an artificial pollen analogue
with potentially different dispersal charaderistics, which further limit its value for absolute
estimates of eff ective gene flow. Since qualitative dispersal patterns of allozyme all eles and dye
powders were similar, dye powder seems to be valuable for comparing the relative importance of
gene flow under different experimental and environmental conditions. Given the highly
stochastic nature of pollen deposition, however, all methods necesdtate asufficient level of
replication to obtain reliable estimates of gene flow.
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Habitat fragmentation may reduce the availability of pollen for fertilization of ovules.
However, reduction of pollen supply by emasculation did not influence seed set in our
experiment, since S. columbaria is visited by many different inseds (bumblebess, flies,
butterflies) and received on average 30 Jisits per head during an experimental day (including
.10 visits by important polli nators). Despite seasonal shiftsin insed species composition, the
high visitation resulted in a high rate of polli nation of all virgin female heads, becaise the
number of visits by bumblebees and large syrphids remained high (above 6 visits per head). The
large syrphid flies are generall y the most important polli nators (chapter 2; Kwak and Velterop,
1997 and they did not discriminate between patches with intad or emasculated male flowers.
Even in emasculated patches the pollen load of the stigmas was usually about 2 - 3 pollen grains
per stigma, which is aufficient for seed set. Figure 6 shows that initially seed set increased
linealy with the number of pollen grains per stigma (y=18.3+7,8x, r’=0.32 overall). Saturation
of seed set isreached for approximately 4 pollen grains per stigma, although each flower
contains only one ovule. With higher pollen loads per stigma, seed set did not increase any
further. A similar relation between sead production and pollination intensity is reported for other
plant species (e.g. Waser and Fugate 1986 Snow and Grove 1995. The saturation of seed set
with 4 pollen grains per stigma implies that amost al stigmas received sufficient pollination for
maximal seal set, even in emasculated patches. Differences in pollination intensity wil | not be
translated in differences in seed set under such saturated conditions. Additionally, variation in
sedal set was very high. Part of this variation can possibly be explained by damage during
handling of the heads before the seads ripened, leading to failure of seed set. Discrimination
between developed and failed seeals appeaed to be difficult for some maternal plants. These
methodological aspects may have wntributed to the finding that no significant differencesin
sedal set were observed.
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Figur e 6 Percentage devel oped seeds per head in relation to the mean number
of pollen grains per stigma. Only heads are shown for which pollen on all
stigmas had been counted dredly (n=108). Data for the five days are
combined. Linea regresson curve: y=18.3+7.8x, r’=0.32.
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We compared different methods to estimate gene flow. Dispersal of pollen is often
qualitatively similar to dye powdersin cary-over experiments (e.g. Campbell 1985; Waser
1988 Rademaker et al. 1997). However, conditions in our study system are quite different from
those cary-over experiments, which considered mainly bumblebees. Scabiosa columbaria is
visited by adiverse assemblage of insects, eat species having its own (unknown) carry-over
charaderistics, that might have affeded pollen and dye powder differently. Diff erences between
dispersal of pollen and dye powder may also be brought about by size differences. Pollen grains
of S columbaria (50-70 um) are much larger than dye powder particles (<5 um), resulting in
lower absolute numbers and quicker saturation of the stigmatic surface for pollen. Emasculation
lowered the total amount of pollen in the system, which limited saturation of stigmatic surfaces
and enhanced estimates of pollen flow, based on counting pollen grains. For dye powder
particles, emasculation did not influence deposition oppartunities to stigmas and the resulting
estimates of pollen flow were not affeded by emasculation. Such quantitative differences
between methods for estimating pollen flow (as also reported by Snow et al., 1996 might
hamper studies aimed at the estimation of absolute amounts of gene flow by pollen in plant
populations. Nevertheless the qualitative agreement between dispersal of pollen grains and
fluorescent dye powder was reasonably high, making both methods useful for comparative
studies to changes in the relative importance of pollen flow.

We found high stigmatic pollen loads in all patches. The availability of multiple pollen
grains might allow competition between those pollen grains for fertilization and seledion by the
mother plant for pollen with the highest quality, leading to increased fitnessof the seals (Eckert
and Barrett 1994). Such pollen competition can change the relative fertilization successof pollen
grains from different source patches, resulting in a difference between estimates of gene flow
based on the dlozyme analysis on the one hand, and dispersal of dye powder particles, which do
not compete with each other, on the other hand. When we prevented within-patch pollination by
emasculation, the successin fertilization of between-patch pollen was increased, indicating that
competition between local and imported pollen occurred. Locd pollen will on average reach
stigmas ealier and in larger numbers, reducing the success of pollen arriving thereafter from
other patches. In retural populations of S. columbaria this competition with local pollen will be
even larger, because natural populations consist of about 85% male phase flowers (based on the
duration of male and female phase flowering), while in our experiments this was only 67%. Due
to the lower avail ability of local pollen in our experiments, we have slightly overestimated the
absolute anount of effective gene flow between patches compared to natural populations, even
infield 1, where male flowers were not emasculated.

56



Fragmentation had no significant effects on seed set in our experiments, probably due to
the high visitation rates, which resulted in high polli nation intensity. We used small patches of S
columbaria, but with very high flower densities, making those patches attradive to polli nators.
Fragmentation will often result in both smaller population sizes and reduced flower density.
Reductions in density are regularly accompanied by low pollination intensity and a decline in
seal set (e.g. Van Treuren et a. 1994 Kunin 1997 Kwak et al. 1998. Increased distances
between patches, due to fragmentation, showed a dea increase in intra-patch fertilization
success, as isalso reported for Slene alba by Richards et a. (1999. As a ansequence of the
leptokurtic distribution of dispersal distances, an isolation distance of 65m (between fields) was
sufficient to limit strongly gene flow between patches. A possible long-term consequence of
such reduced pollen flow is an increase in biparental inbreeding in small and isolated patches,
resulting in inbreading depression and a decline in fitness. In conclusion, fragmentation affeds
pollinator behaviour, leading to an increase in intra-patch movements at the cost of inter-patch
movement. These changes in polli nator flight patternsimply an increased hiparental inbreeding
and geitonogamous <lfing, which may have negative fitnesseffects (Van Treuren et al. 1993).
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Pollen and gene flow in insect-pollinated populations of Scabiosa columbaria: the effects of
distance and barriers

With M.M. Kwak, F.J. Weissng and R. Bijlsma

Summary

In many plant species, pollen flow is mediated by insed pollinators. Changes in insect
behaviour after fragmentation will have important consequences for gene flow. The isolating
effed of distanceand barriers were studied experimentally, using small patches of Scabiosa
columbaria, which is mainly pollinated by bumblebees and syrphid flies. Patches were isolated
by distances of 25m, 100m or 200m. A distance of 25m between patches already reduced pollen
flow till 25%, while & a distance of 200m hardly any pollen grains were deposited. A stegp
decline with distance was found for both the transport of pollen grains and fluorescent dye
powder. When a single pollen source was present the decline in pollen flow with distance was
reflected in areduction in seed set. Asaresult, isolated patches experienced either increased
levels of intrapatch polli nation or reduced seal set. Distance eff ects were consistent over fields
and days. In contrast, the dfeds of a amouflage net, which was used to smulate a‘physical’
barrier, were highly variable and no significant effeds on the dispersal of pollen grains could be
observed.

Introduction

Fragmentation of habitats leals to subdivision of large populations, severe reduction in
population sizes and increasing isolation between the remaining populations. Such small remnant
populations become vulnerable to environmental and demographic stochasticity, thereby
increasing the risk of extinction (Soulé 1986 Caughley 19%; Schemske € al. 1994).
Additionally, they may suffer from genetic erosion, becaise genetic processs, like genetic drift
and inbreeding, beaome much more significant in small populations and can cause areduction in
mean fitnessand adaptive potential of the populations, resulting in a further increase in their
vulnerability to extinction (Barrett and Kohn1991; Van Treuren et a. 1993k Frankham and
Ralls 199; Bijlsma & a. 1999 Leijset al. 1999 Bijlsma @ al. 2000. The impad of such
genetic risks drongly depends on the dfedive population sizethat can be significantly enlarged
by gene flow between (sub)populations. Theoretically, the exchange of only one migrant per
generation should be sufficient to effectively prevent significant genetic differentiation between
subpopulations to occur, thereby reducing the impad of genetic decay (Hartl and Clark 1989
Ellstrand and Elam 199; Scott Mill s and Allendorf 1996. Gene flow is thus an important
mechanism to limit the effeds of genetic erosion. In this paper, we focus on the genetic effeds of
habitat fragmentation, by studying the amount of gene flow in relation to increased isolation
between small subpopulations.
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In many plant species gene flow occurs by both seeds and pollen (e.g. Rasmussen and
Brgdsgaad 1992 Poschlod et al. 1996 Hu and Ennos 1997; Lattaet al. 1998. Seal dispersal
offers an oppartunity for colonisation of new habitats, but pollen generally disperses over larger
distances. This gudy focuses on pollen flow in an insed-pollinated plant species, where the level
of pollen flow is dependent on the flight patterns of its pollinators. Although pollinator species
differ in the average flight distance between subsequent flower visits (see hapter 2), they
usually commute between neaby flowers, which generally results in limited distances of pollen
transfer (Pleasants 1991, Campbell and Dooley 1992; Morriset al. 1995. Asaresult, compared
with wind-pollinated plant species, the patential for gene flow by pollen israther limited. Indeed,
studies using genetic markers regularly report very restricted genetic neighbourhoods for insed-
pollinated plant species (Schaal 1980; Schmitt 1980 Handel 198; Karron et al. 199%). Because
pollinator foraging is often geographicall y restricted, the visitation rate and frequency of
pollinator flights between subpopulations will subsequently decrease with distance. Such a
decline in pollinator flights between subpopulations results in areduced gene flow by pollen,
which in turn might result in an increased vulnerabil ity for genetic erosion after habitat
fragmentation.

As ongoing fragmentation naturally increases the distances between (sub)populations, it
could lead to areduction in gene flow (Campbell and Dooley 199; Ouborg 1993%; Schittenhelm
and Hoekstra 1995 Goodell et al. 1997 Richards et al. 1999. In large, unfragmented
populations, pollen dispersal has been studied using a variety of methods, ranging from
measurement of pollinator flight distance to analysis of the distribution of genetic markers
(Schmitt 1980 Handel 1982; Karron et a. 199%). In all cases, the observed pollen dispersal
distances showed a leptokurtic distribution, with the bulk of dispersal events taking placewithin
10to 20m, while dispersal over much larger distances was found to be rare. Although infrequent,
pollen dispersal distancesupto 1 km were reported in patchy populations (Ellstrand and
Marshall 1985; Broyles et al. 1994 Stacy et al. 1996. However, distances of several kilometers
between populations are often observed after habitat fragmentation. In combination with a strong
leptokurtic pollen dispersal curve, such distances are expeded to result in a significant increase
in isolation between the remaining fragments, increasing their vulnerability to genetic erosion.

Additionally, habitat fragmentation and reductions in population size may also be
acompanied by anincrease in physical barriers, like hedgerows, roads and rivers, between the
remnant (sub)populations. Several studies have shown that such barriers can significantly affea
pollinator behaviour. Butterflies, for example, only migrated along rivers in southern Belgium
and did not crossthe aeabetween different river basins, even when geographic distances
between patches of suitable habitat were small (Néeve & a. 1996. Another study confirmed the
importance of vegetation structure for butterfly behaviour (Fry and Robson 1994). They showed
that changes in the structure of the vegetation and especiall y the occurrence of boundaries
between diff erent vegetation types, drasticall y reduced the number of passages by butterflies.
Other pollinator species, which preferably forage in open vegetation types, might be hampered
by hedgerows or forests as well. Westerbergh and Saura (1994 speaulated that the presence of
spruce forest prevented bumblebeeflights between more open areas, resulting in effedive
isolation of Slene dioica populations. In contrast, polli nator species inhabiting forests, might
read to vegetation patterns by avoiding open areas. This was shown for males of four euglossine
beespeciesthat did not crossforest cleaings (Powell and Powell 1987). Despite these effeds of
physicd barriers on insed behaviour, to our knowledge, their consequences for pollen flow
between plant populations have never been studied.
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In this chapter, we sudy the importance of distance as well as barriers, for gene flow by
pollen between subpopulations. In an ealier experiment, described in chapter 3, gene flow
between patches of Scabiosa columbaria was observed to be significantly reduced by a distance
of 65m. In the arrent experiments, distance between patches is increased to even larger
distances, up to 200m, that, given the leptokurtic nature of the pollen dispersal curve, is expeded
to limit pollen flow extremely. Fluorescent dye powder was used to estimate pollen flow
between patches. In the previous experiment, dye powder was $own to provide reasonable
estimates of gene flow, compared to dred analysis of genetic markers (chapter 3). Additionally,
dired deposition of pollen grains into emasculated patches is counted and related to dye powder
dispersal, thus allowing to assess the reliabil ity of different pollen flow estimates over larger
distances. Isolation by aphysicd barrier is represented by a amouflage net, which reduced the
visibility of neighbouring patches. The influence of this barrier for insed behaviour and its
effeds on pollen flow between patches are determined. By use of a similar experimental setup,
the consequences of the barrier for gene flow can be compared with the effeds of isolation by
distance The implications for genetic erosion after habitat fragmentation will be discussed.

M aterial and methods
Plant species

Scabiosa columbaria (Dipsacaceagis a gynodioedous, protandrous perennial plant of
dry calcareous grasslands, which israre in The Netherlands (Van Treuren et a. 1991). The small
tubular flowers are aranged in heals of 40-100 hermaphroditic flowers. Ead flower is first male
flowering for about two days, then enters a neuter phase of varying length. After all flowers have
passed the male phase, the whole heal enters the female phase. Usually heads are female for
only asingle day, but this can be extended to two days when the head remains unpolli nated.
Scabiosa columbaria has protruding anthers and stigmas and is dependent on insed polli nators
for fertilization of the ovules. The speciesis If-compatible, and it has been observed that
selfing reduces the percentage developed seads (Van Treuren et al. 1993).

Measurements

The experimental setup was analogous to the experiment of chapter 3, which will be used
as areferencefor gene flow estimates. Patches were locaed on adjacent mown hayfields situated
in Assen, The Netherlands (52°59'N, 6°35'E). At the start of the experiments (between 10and 11
AM) heads were virgin. Experiments lasted 5to 6 hours, during which flowers in each patch
were screaned for the presence of insects. When walking along all patches, point observations
were made with an interval of approximately 2 minutes. Asin chapter 3, insects were dassified
into 6 groups, given in order of pollination efficiency (seechapter 2): Apidae(almost exclusively
bumblebees); large syrphid flies (mainly Eristalis and Helophilus spedes, Diptera); other flies
(Diptera, including the syrphid Rhingia campestris); (Epi)Syrphus spedes (Diptera); Lepidoptera
and small Sphona flies (Diptera). Pollen flow was estimated based on dired pollen counts. This
method gves quick results, isrelatively chegp and proved to be useful for S. columbaria (chapter
3). At the end of the day the number of pollen grains (size50-70 pum, pers. comm. G. Romeijn)
was diredly counted on all stigmas of female heads, using a hand-held lens of 20x. For eath
patch, pollen deposition was counted on all female heals. The experiments were repeaed several
times during the flowering season (August - October) to assessseasonal variation in visitor
composition and weaher conditions.
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I solation by distance

We used four linealy arranged patches, separated by distances of 25m, 75m or 100m
(Figure 1). All patches were egually sized with respect to flower number and consisted of 20 &
headsand 10 ¢ heads. Only one patch contained functional male heads, producing pollen, and is
designated source patch (S). On five of the 20 & heads in the source patch, fluorescent dye
powder (Radiant Color NV, Houthalen, Belgium) was applied as pollen analogue. In the other
threepatches, called receptor patches (R), the 20 ‘male’ heals were either male sterile or were
emasculated every 30 minutes and thus did not produce pollen during the experiment. One
receotor patch (R1) was located at 25m of the source patch. Opposite from R1 the other two
receotor patches were locaed at intervening distances of 100m, resulting in a distanceto the
source patch of 100m (R2) and 200m (R3) respedively (Table 1 and Figure 1, top and middle
panel).

FieldC

FieldD

B
R1

N Figure 1 Location of the patchesin the

\ experimental fields for the isolation by distance
experiments (source patch oS, receptor patches
oR). Top: on August 9, 12, 20, 27, patches were
located at fields D,D,B,A. Middle: on September
FieldD 5, 10, 18, patches were located at fields
N A A,B,D. Bottom: on September 19, 30, patches

were located at fields C,C,D,A and C,C,A

respedively (see also Table 1). Bushes, ditches
(dotted) and a small river (gray) are indicaed.

Field A

/ Field A

A
FieldD

0O

R2
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Insed visitation was sreened in two series of 30 point observations each during both the
morning and afternoon (60 in total). These observations were made with approximately 2
minutes intervals. For logistic reasons insed visitation was not scored for recegotor patch R3 (at
200m from the source). At the end of each daily experiment, the number of pollen grains was
counted on all stigmasin each patch. The mean number of pollen grains per stigma per head was
averaged over patches. In addition, ten stigmas per female head were sampled and mounted in
glycerin on a microscope slide. The number of fluorescent dye particles per stigma was
determined using a fluorescence microscope (400x). Small numbers of dye powder particles
were munted (upto 16), larger numbers were classfied into classes of exponent 2 (<32, <64,
<128 ..., <2048 particles per stigma). The mean rumber of dye particles per stigma per patch
was calculated using log-transformed numbers. Because the total number of dye powder particles
applied and dispersed in the source patch differed considerably from day to day, dispersal to the
receotor patches was presented relative to the anount deposited in the source patch to corred for
these initial differences. When the ten stigmas had been sampled, the female heals were bagged
to prevent further pollination. After ripening for about two weeks the seals were ollected and
the percentage developed seeds was determined (Van Treuren et a. 1994).

The experiment was done on six days in 1996 (August 12 and September 5, 10, 18, 19,
30). Some modifications were unavoidable. On August 12, 30 ¢ heads were used for receptor
patch R3 (at 200m), instead of 10 € and 20 ‘3’ heads. For practical reasons, the number of
pollen grains per stigma in the source patch was not counted, but estimated (seeEffed of
emasculation). On September 19 and 30 a different meadow had to be used dueto farming
pradices, and receptor patch R3 was locaed in front of patch R1 (Figure 1 bottom panel). Thus,
the experimental setup on these two days lacked a receotor patch at 200m from the source patch.
On September 30, insect visitation was only observed in the afternoon.

Effect of emasculation

To investigate the cnsequences of emasculation on the atraction of flower visiting
inseds, the isolation by distance experiment was replicated threetimes with non-emasculated
patches, on August 9, 20, 27 (Table 1 and Figure 1). All patches consisted of 20 intad male
heads and 10female heals, functioning both as ource and receptor of pollen grains and
fluorescent dye powder simultaneously. Five male heals in each patch received dye powder of a
different colour, which was rotated between experimental days. Pollen deposition was not
counted, but estimated in classes of 2.5 grains per stigma for ead female heal separately.
Analysis of insed visitation, dye powder dispersal and seed production was as described before.
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Isolation by barriers

Two replicates of threelinealy arranged petches of S. columbaria were used. Repli cates
were located on different fields (Table 2, location of fields se Figure 1). All patches consisted
of 20 & heads and 10 @ heads and were separated by 25m grassland. The central patch
functioned as donor of pollen and will be @lled source patch (S). The two peripheral patches
were emasculated every 30 minutes and functioned as receptor patches. Physicd isolation of one
of the receptor patches was obtained by means of a amouflage net (double-folded army
camouflage net), to mimic ahedgerow. The net was 1.8m high and placed exadly in between the
source patch and the ‘isolated’ patch, perpendicular to the ais between the patches. In 1996a
net of 6m length was used, which was doubled in 1998to 12m. During the afternoon 30 point
observations per patch were made with intervals of 2 minutes to estimate insed visitation. At the
end of each day, the number of pollen grains was counted on all stigmas for al ten female heads
in each patch. The effed of the net on pollen flow was expressed as the ratio of the mean number
of pollen grains deposited in thisisolated petch (1) divided by the number deposited in the other
receotor patch, without such abarrier (‘non-isolated’, NI). Effeds of the barrier were tested for
significance, using a Mann-Whitney-U test for differences in the mean number of pollen grains
per stigma in isolated and non-isolated patches. The experiment was repeaed several times
during the flowering season (Table 2).

Viewed from the source patch the NI receptor patch was visible, while the | patch was
hidden behind the amouflage net. Similarly, from the isolated patch the other patches could not
be seen. Our expedation wasthat pollinators visiting the | patch would display lessinterpatch
movements, and thus longer residencetimes, becaise they were not visibly distraded by the nea
presence of other patches. Therefore, we obtained additional information on insed behaviour
during 1998 ly recording the residence times (time between arrival at the first visited flower and
leaving the patch) in all receptor patches and the behaviour of insects approacding the net during
c. 2h per day. Dueto logistic limitations, we only distinguished two groups of inseds in the latter
case: ‘inseds (large Diptera and bumblebees) and butterflies.
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Results
I solation by distance and effects of emasculation

Inherent to this kind of experiments, the variation between experimental days was high.
Despite this variation, we pooled data from different days, seaching for overall effectson
pollination and seed set over a complete flowering season (seealso Discussion). Insed visitation
to emasculated petches was not affeded by the distanceto the nearest neighbouring patch, thus
visitation to both receptor patches could be pooled (Figure 2A, compare R 25m and R 100m,
x%=8.13, df=5, n.s.). The most common visitors were Diptera, mainly large syrphid flies and
Sphona. However, for most insed groups, visitation was affeded by emasculation (Figure 2A,
compare S Om with both R-patches). Overall, only Apidae(mainly Bombus) and Sphona did not
significantly discriminate between patches in these isolation by distance experiments. All other
visitors had a preference for the source patch (binomial proportion p>%2, fly speaes P<0.01,
butterflies P<0.05). In the experiments without emasculation, the cmposition of visitor species
diff ered between the patches (x°=133 df=5, P<0.001, Figure 2C). The patch at 25m from the
‘source patch (S 25m) received relatively more visits by large syrphids and less visits by
butterflies than S Om, while the patch at 100m (S 100m) experienced the opposite visitation
pattern. In the experiments without emasculation, all patches received more visits by Apidaeand
alower frequency of Sphona visits compared to the experiments with emasculation (Figure 2,
compare A and C). However, this was due to seasonal variation in insed abundance, sincethe
difference is absent when species distributions were compared for the same period of the
flowering season (Figure 2, compare B and C).

Poll en deposition declined with increasing distance to the source patch (Figure 3A).
Already at 25m, the deposition of pollen grains is sgnificantly lower than in the source patch
and at 200m only few pollen grains were observed. In chapter 3, we demonstrated that
pollination occurred mainly within the patch, and only few pollen grains originated from
interpatch pollen transport. Therefore, we expeded no differences in pollen deposition between
the patches in the experiments without emasculation, where all patches functioned as pollen
donor. However, as srown in Figure 3C, patches which were relatively isolated from each other
(separated by at least 100m: S 100m and S 200m) showed a lower pollen deposition than the two
relatively clustered petches (separated by only 25m: S Om and S 25m). Seed production was also
reduced by larger isolation distances, but less © than pollen deposition (Figure 3, A and B).
Even at 200m some seads were formed, and the differencein poll en deposition over 25m was not
translated into differencesin seed set. Inthe experiments without emasculation, all patches
showed asimilar seed production, despite the diff erences in pollen deposition (Figure 3, C and
D).
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patch, R denotes an emasculated receptor patch.
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was obtained by dired counting (A). Experiments without emasculation were done on 3 days
and pollen deposition was estimated in classes of 2.5 grains per stigma for each head (C). Note
the different scales for the number of poll en grains per stigma.

Two estimation methods were used to measure pollen flow: dispersal of pollen grains and

dispersal of fluorescent dye powder. The mean number of particles found per stigma per patch
was expressd relative to the number found in the source patch, for both pollen grains as well as
dye powder (means badk-transformed from logarithms to numbers). Dispersal of dye powder at
September 19 is excluded from the analysis, because dispersal and deposition were extremely
low on this day, even in the source patch, making the deposition ratios for this day very sensitive
to small variations and measurement errors. Independent of the estimation method, dispersal
declined steeply with increasing distance (Figure 4). At a distance of 25m, deposition of pollen
and dye powder dropped below 30% of the amount observed in the source patch. Emasculation
had no effea on the dispersal of dye powder, sincethe experiments with and without
emasculation resulted in identicd dispersal curves for dye powder. However, dispersal of pollen
grains, which was only measured under emasculated conditions, differed from the dispersal of
dye powder (Figure 4). At 25m, deposition of dye powder was reduced to 10%, while the
deposition of pollen grainswas gill 28% (t-test, P<0.05). Also a 100m, a higher deposition of
pollen grains than dye powder was observed (t-test, P<0.05). The deaease with distance was
thus more severe for dye powder than for pollen grains. At larger distances only marginal
deposition of both pollen grains and dye powder occurred. Therefore, we conclude that distance
has a strong isolating effect on both pollen flow and dye powder dispersal between patches of S

columbaria.
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Isolation by barriers

An increase in distance between patches thus resulted in a severe decline in pollen flow.
By means of a amouflage net placed between two patches, it was tested whether a physical
barrier had the same effed asisolation by distance. The experiment was repeated in two yeas,
1996and 1998 Between yeas, there was substantial variation in insed species composition. In
1996 the visitation rate was about 6.5 times as large & in 1998 This differenceresulted mainly
from Sphona flies, visiting the patches in huge numbersin 1996 but virtually absent in 1998
125 visits per patch during 300bservation rounds in 1996and only 1 visit per patch in 1998
Although the composition of the species varied considerably, tota visitation by important
pollinators (Apidag large syrphids and ather flies, see dapter 2) was relatively similar between
yeas. Therefore, only visitation by these important pollinatorsis presented in Figure 5. For these
insed species, composition was found to be significantly different for | and NI patches (overall,
x*=12.1, df=2, P<0.005), with | patches receiving more visits from bumblebees and large
syrphids and less visits from other fly species. However, caution is called for as visitation
patterns varied grealy between fields, days and yeas, leading to the conclusion that the
camouflage net did not consistently affed polli nator species composition. In addition, although
some diff erences in residence time were observed between | and NI patches (Table 3), these
were highly variable, both in time and space and the differences were clealy not consistent.
Furthermore, dired observations of insed behaviour when approading the net, revealed that,
although many inseds changed flight diredions at the net, a similar number simply pas=d it,
mostly by flying over it. The fradion of insedsthat effedively changed flight diredion when
approaching the net was on average (mean = s.e.): 0.58 =+ 0.03 (n=316) in 1996and only 0.36 +
0.06 (n=56) in 1998 respedively. For butterflies, the net was slightly more effedive: the fradion
that was *blocked” was 0.88 £ 0.07 (n=25) in 1996and 0.54 + 0.10 (n=24) in 1998
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Figure 5 The number of visits per insed group for patches that areisolated by a barrier (only important pollinators
are shown). For bath fields, the total number of inseds per patch during 30 point observationsin the afternoon is
averaged over 3daysin 196 and 4 daysin 198, respedively. The barrier was positi oned in between the source
patch S andthe isolated receptor patch | (seetext). Asa antrol for effeds of distance, anon-isolated patch NI was
used. Location of patches andfieldsis givenin Table 2 and Figure 1. 1996: net length 6m; 1998: net length 12m.
Fill ed: Apidae; Hatched: Large Syrphids; Dotted: Other flies.

Table 3 Influence of the canouflage net on residencetimes of large syrphid fliesin 198
(seconds, mean = s.e.). Sample sizes are given in brackets. X excluded, because sample sze was

<5.
Date _ Fidd 1 _ Fidd 2
Non-isolated Isolated Non-isolated Isolated
August 31 308+ 1489 (5) 301+ 2109 (7) X 149+ 61,0 (6)
September 7 73+ 46.3 (5) X 202+ 53.9(17) 233+ 52.0(26)
September 24 181+ 81.4(9) 783+33.7(9) 135+ 23.6 (28) 146+ 42.9 (22

The foregoing indicaes that the amouflage net did not ad as a barrier. This
ineffectiveness isrefleded by its consequences for pollen flow. Pollen deposition in the receptor
patches (1 and NI) ranged between 0.8 and 4.7 pollen grains per stigma. When the number of
pollen grains in the | patch is expressed as fradion of the number found in the NI patch (pollen
deposition ratio), the dfed of the amouflage net appeared non-significant and highly variable
(Figure 6). In 1996atendency for reduced pollen flow to | patches was found in 4 out of 6
replicate experiments, but the only significant effed of the amouflage net showed an increased
pollen flow for the | patches. In 1998the canouflage net was twice & large, but pollen flow was
again not reduced. Out of 8 replicates, only two gave asignificant difference between | and NI
patches and both showed an increase in pollen flow to | patches. In conclusion, the amouflage
net clealy did not function as a barrier for pollinating inseds and did not limit pollen flow.
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Figure 6 Effects of the camouflage net on poll en flow. The mean number of pollen
grains per stigmain the isolated patch is given as fraction of the number of pollen
grains found in the non-isolated patch. A ratio below 1 indicates a deaease in pollen
flow to the | patch, while aratio above 1 indicaes an increasein pollen flow to the
patch. For each day the left bar gives results for field 1, theright one for field 2.
Differencesin mean poll en depositi on between the isolated and non-isolated patch
were tested non-parametricdly. Significant differences at the 5% level areindicaed
with *, at the 1% level with ** (Mann-Whitney U test).

Discussion

Overall, we observed large variation in the results between both days and fields, which
may have grealy hampered the repeaability of the experiments. Several factors may be
responsible for this large variation. Changes in abundance and speaes composition over the
flowering season and between different fields were found (Figure 2 and 5). Such variation in
visitation results in a polli nator guild with varying charaderistics (seechapter 2), which will
influence pollen dispersal. Additional variation in visitation and pollen flow between patches,
fields and days might be related to wind diredion, the locaion of *sources of pollinating inseds
(nests, other flowering aress, etc.) or random variation in the body load of visitors, depending on
their individual foraging history. Sincerecature of marked syrphid flies occurs infrequently
(own data, Ottenheim pers. comm.), we were not able to trad individual foraging petterns and
could not determine how many individual inseds were responsible for visitation of S
columbaria. Studies with individually marked bumblebees visiting other plant species, showed
that high visitation rates might be due to arather restricted number of individuals (Thomson
1996 Velterop and Kwak 1997 Kwak et a. 1998. In such cases, the flight pattern of those
individuals will be aucial for patterns of pollen flow and might be highly variable. Part of the
observed variation may also be due to correlations between observations. For example, when a
pollinator visits a female head, several stigmas receive pollen grains, resulting in correlated
numbers of pollen grains per stigma among stigmas within the head. On a larger scale,
correlations between heals within the same patch may develop, since inseds often visited more
than one head before leaving a patch. Thus, visits to heads within a patch are not independent,
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but correlated as a mnsequence of the foraging behaviour of individual polli nators. Stacy et al.
(1996 found such a rrelation for the frequency of outcrossing within patches of tropical trees.
These sources of variation are inherent to the type of experiments, using (semi-)natural
conditions. By combining the results of several replicates, we believe to get an overall view of
the pattern of pollen flow over the flowering season. Because dail y experiments were spreal
over the season, temporal variation is included in our estimate of pollen dispersal. Although
pooling of the data is datistically not allowed, we think that a sound conclusion can be readed
(seedso Figure 7).

We found aclea effed of distance between patches on pollen dispersal. Pollen
deposition declined severely with increasing distance to the source patch (Figure 3). Small
differences in pollination intensity will not be refleded in seed set, since maximal seed set is
reated for approximately 4 pollen grains per stigma (chapter 3). Nevertheless, sead set
obviously also deaeases with distance At 200m, only one seal per hea is produced on average.
For self-incompatible plant species, such alarge deaease in pollen flow wil | imply a shortage of
compatible pollen types and consequently a severe reduction in seed production. For S
columbaria, a self-compatible species, high intrapatch pollen deposition usually wegens the
effeds of distance on seed production, as observed in the experiment without emasculation. Still
seal quality may be reduced when intrapatch polli nation is high, but this was not studied.

Despite the generally high intrapatch pollination (seealso chapter 3), pollen deposition
was lower in the relatively isolated patches at 100m in the distance experiment without
emasculation (Figure 3). This may be due to the lower visitation by large syrphid flies (Figure
2C), which are important pollinators of S. columbaria (chapter 2; Kwak and Velterop 199%. The
reason for this lower visitation rate is unknown, but it may easily result in fewer movements
between male and female heads. It is, however, unlikely that the lower visitation results from a
distanceeffed per se or from alocation effect, sinceit was not found in the setup with
emasculated patches. Emasculation aff eds visitation patterns of most insect groups, including all
syrphid flies (Figure 2A). Especialy the preference for the poll en-containing source patch of
large syrphids may have aggravated the decline in pollen flow with distance to the source patch.

Both measures of pollen flow show a steg dedine with distance, although dispersal of
pollen grains declines less $eq with distance than dispersal of fluorescent dye powder (Figure
4). The same differencein dispersal charaderistics is observed in the experiments described in
chapter 3. The discrepancy may be caised by differences in size between pollen grains and dye
powder particles (50-70 umresp. 5 um), or variation in the absolute amounts available for
dispersal. Alternatively, dispersal of pollen grains and dye powder might be affeded differently
by emasculation, as reported in areview by Snow et al. (1996. Gene flow by pollen will only be
effedive if the transported pollen grains are successful in fertili zation of ovules. In a cwmparative
experiment, we investigated the dispersal of fluorescent dye powder in comparison to effedive
gene flow of allozyme markersin a slightly different setup (chapter 3). Despite substantial
variation between days, both methods show similar dispersal patterns, when averaged over
several replicates (Figure 7, chapter 3). Thus, dye powders give reliable estimates, while pollen
counts in emasculated petches slightly overestimate the anount of effedive gene flow between
patches. If only relative effeds on pollen flow are important, both measures are useful to
compare experimental treaments.
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Figure 7 Deposition of fluorescent dye powder and all ozyme markers as a function of distance
in 1996 At each distance, deposition is expressed as percentage of the depositi on found in the
source patch and averaged over days (mean + s.e.). Thisfigure combines data from two
different experiments. Dispersal of dye powder over bare grasdand, without intervening
patches, was determined in five daily experiments, as described in this chapter. In adifferent set
of experiments, dispersal was determined between patches ssparated by grasdand with
intervening patches of flowering Scabiosa columbaria (see tapter 3). Dispersal of dye powder
and allozyme marker al eles was smultaneously determined on five different days. The huge
standard error of al ozymes at 165m is dueto exceptionally high gene flow at a single day.

In Figure 7, we combine the results of this chapter and chapter 3, to evaluate the effeds
of intervening patches on pollen dispersal distances. We anticipated diff erences in dispersal
patterns, because other studies reported an increase in mean dispersal distance with increasing
distance between (clumps of) plants (Manasse 1992; Morris 1993. In contrast, we found almost
identical dispersal patterns for patches sparated by large distances of grasdand (this chapter) or
several linealy arranged patches at smaller distances (chapter 3). Apparently, the ‘intermediate’
patches of chapter 3 have no net effed on pollen dispersal distance, although they could have
functioned as ‘ stepping stones' for the pollinating inseds. In principal, Apidae ae caable of
flying several hundreds of meters (e.g. Kwak et al. 1998 and flies are patentially strong flyers
too (50 km/week, Banziger 1996. Nevertheless, regular pollen flow appeasto be restricted to
distances less than 100m. Dispersal over larger distances may be too infrequent to detect in our
experiments, although its impact on the genetic population structure can be substantial (Hartl and
Clark 1989 Levin 1995.

We used a amouflage net to represent a physical barrier between patches of S
columbaria. The results were highly variable. Often, atendency for reduced pollen flow to |
patches was found, but in all significant cases higher pollen flow to | patches than to NI patches
was observed. This may be due to the limited height of the net or to a few individual polli nators
with alarge body load, pollinating many flowers during a single visit to a patch (see dove). The
results of this experiment are very inconclusive and it has to be repeaed in an improved setup,
e.g. using a higher camouflage net or aternative structure & barrier to insect movement.
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The strong leptokurtic distribution of pollen dispersal distances results in a strong
limitation of pollen and gene flow in relation to dstance Pollen grains barely disperse over
distances larger than 200m, thus (sub)populations separated by larger distances are dfectively
isolated. In The Netherlands, the distance between populations of S. columbariaisat least 850m,
but generally several kilometers (Ouborg 1993), preventing gene flow by pollen. As seal
dispersal isalso very restricted (given current management practices, Fischer et a. 1996, Dutch
populations of S. columbaria arethus effedively isolated from each other, making them
vulnerable to genetic erosion.
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Do corridorsincrease pollen flow between patches of Scabiosa columbaria (Dipsacaceae)?
With M.M. Kwak and J. van Andel

Summary

Pollen flow between artificial patches of Scabiosa columbaria, mainly polli nated by
syrphids, was gudied in a semi-natural environment. Threelinealy arranged patches of 30 heads
each were used. The central patch served both as pollen donor and receptor patch (complete
flowers), the other two patches srved only as receptor patches (emasculated flowers and female
flowers). The central patch was conneded over a distance of 25m with one receotor patch by a
corridor of flowers. The plant species of the wrridor varied: either S. columbaria female heals,
S columbaria male heads, Origanum vulgare inflorescences or Aster multiflorus heads were
used. The arridor species shared visitors with S columbaria. The seand receptor patch was not
connected with the donor patch and served as a control. Experiments were performed with
different arrangements of the arridor. The presence of a corridor did not influencethe total
insed visitation per patch. Syrphid species did not differ in hop size (distance between two
subsequently visited heads) if the corridor consisted of S. columbaria female heals. In the Aster
corridor syrphid species made larger hops than in the Scabiosa corridor. Inthe Aster corridor hop
sizeof E. arbustorum differed significantly from the other two insect species. All together,
inseds flew larger distances between subsequently visited heads if the corridor contained Aster
heads than when the @rridor contained S columbaria heads.

Despite the fad that afair amount of pollen was deposited on the female heads in the
corridor, pollen flow was increased significantly in 4 out of 10 experiments if the receptor patch
was conneded with a corridor containing S. columbaria male or female heads. In only one
experiment a significant deaease in pollen deposition in the mwnneded patch (conneded with a
female S. columbaria corridor) was observed. Pollen flow was significantly reduced in 3 out of
12 experiments with Aster or Origanum as corridor speaes and was increased significantly only
once A significant increase of heterospecific pollen deposition was observed if the corridor
Species was not conspecific.

Potential seed set (based on the number of stigmas with four or more S columbaria
pollen grains) showed the same overall pattern as mean number of pollen deposited, athough the
ratios in pollen deposition and potential sead set differed largely between experiments.
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Introduction

Population genetic theory predicts that, as a consequence of genetic drift and inbreeding,
small and isolated populations will have deaeased levels of genetic variation. Even favourable
alleles may be lost and the potential to adapt to a dhanging environment may be seriously
diminished (Vrijenhoek 1985. This genetic erosion may lea to reduced fitnessof individualsin
a population and will ultimately increase the risk of extinction of populations and of spedes.
However, the deleterious eff eds of genetic eosion can be wunteraded by gene flow between
populations. In plants, pollen flow in particular contributes to preservation of genetic variation.
Asarule of thumb, the exchange of one migrating individual per generation should be sufficient
to prevent genetic differentiation between subpopulations (Ellstrand and Elam 1993; Scott Mill s
and Allendorf 1996. Thus, management practices that prevent further isolation of plant
populations or that increase pollen flow between populations or patches within a population may
be important for genetic variation in small populations. Levin (1995 discussd the possible
positive function of outliers, scatered plants, often occurring hundreds of meters or several
kilometers beyond the limits of local populations. Outliers may form large, diffuse assemblages
of interbreeding plants that fill gaps between local populations.

The hypothesis that habitat corridors or sepping-stones may increase migration of
animals between populations is generally accepted (Opdam et al. 1993 Beier and Noss1998.
Several studies provided persuasive data regarding the utility of corridors, but few studies
adually test the impad of the presence of a @rridor on the mobility of animals and the value of
these exchanges for the viability of the animal population (seereview of Beler & N0ss1998.
Acoording to these authors, birds and mammals are target species in most sudies and studies on
inseds are scarce with the exception of ground bedles (Vermeulen 1994. In the case of flower-
visiting inseds, visiting flowers in a arridor, we hypothesize that these movements may
increase their foraging areg which has also an impad on the gene flow and seed set of plants.
Restricted movements of flower-visiting insects will result in restricted pollen and gene flow of
the plants. Thus, we need to know how flower-visiting insects are influenced not only by the
arrangement of their food plants, but also by other charaders of the landscape like the presence
of bushes, forest, waterways etc. Fry & Robson (1994 found that hedgerows acted as barriers
for butterflies. Powell & Powell (1987 found that males of four euglossine beespecies did not
cross100m pasture cleaings from continuous forest to forest fragments, even though bees can
fly more than 20km per day from arelease point (Janzen 19717). In contrast, Sutcliffe & Thomas
(1996 found that open, grassy tradks were important as corridor for butterflies, ading as
conduits between fields and glades.

The impad of the presence of a flower corridor on pollen flow of plantsis the issue of
this chapter. The cnsequences for the viability of insed populations of an increasing exchange
among flower-visiting inseds are left out of consideration. If an insed visits several patches of a
target plant species within a larger areawhich contains flowers (same or different flowering
species), these intervening flowers may serve & bridge or corridor. They may even become part
of afixed foraging route of flower visitors, for instance traplining as was found for bumblebees
and euglossne bees (Janzen 1971; Heinrich 1975 1976 Thomson et a. 1997 Will iams and
Thomson 1998 Comba 1999.
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Threepossibilities, not mutually exclusive, can be distinguished concerning the effeds of
aflower corridor on the anount of pollen exchange between two petches: 1. Pollen exchange is
zero, athough the patches may be within the possible ad¢ion radius of the pollinators because
each patch has its own pollinator guild; 2. Pollen exchange occurs if visitors crossthe distance
between two patches without lossof pollen because they are not visiting intervening flowers of
the same or other species (guidance effed); 3. Pollen exchange occurs but, dueto visitsto the
intervening flowers (guidance effed), pollen islost. Inthe last case, pollen exchange between
patches is dependent on the anount of switching of insects between the patches and the lossrate
of pollen in the rridor. Lossrate in turn is dependent on the length (both in metersand in
number of flowers) and on the plant speciesin the corridor. Visitation of another plant species
forming the arridor may result in heterospecific poll en deposition in the mnneded patches.

In this chapter we present data on pollen flow between patches of Scabiosa columbaria, a
species pollinated by syrphid flies and bumblebees in The Netherlands (Kwak and Velterop
1997). Artificial patches were conneded with a crridor of the same plant species between a
pollen source patch (either male or female heads as corridor species expeding a guidance eff ect
and in the female crridor also alossof pollen) and areceptor patch. As control, artificial
patches not conneded with a corridor were aeated. Also experiments were done with another
flowering plant species in the arridor. A possible guidance effed with a pollen loss in the
corridor and the dhance of heterospecific pollen deposition in the receptor patch were expeded.
Pollen deposition in conneded patches was compared with pollen deposition in control patches
without a corridor. This gudy is part of a larger projed in which the cnsequences of population
fragmentation for pollen and gene flow by inseds are studied in experimental situationsin the
field.
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M aterial and methods

Scabiosa columbaria L. (Small scabious, Dipsacaceag a perennial, outbreeding plant
species, israrein The Netherlands. It occurs in dry grassy places on calcareous ils. The small,
blue-violet, tubular flowers are aranged in heads (30-100flowers per head). Eadh flower isfirst
male for about two days, then enters a neuter phase of varying length. After all flowers have
pasxd the male phase, the whole heal is female for about one day. Both anthers and stigmas
protrude out of the flower and are eaily touched by various gecies of inseds.

In total, 22 experiments were conducted in unfertilized hay fields in the North of The
Netherlands (Assen, 52 °59N, 6°35'E) in 1996and 1997 from August till early October.
Experiments were done & four neighbouring fields A (fietspad), B (boomstronk), C (bessenland)
and D (buurman). Per day one or two experiments were aonducted. Eadh experiment consisted of
threepatches arranged in a line (WNW-ESE orientated) with an interpatch distance of 25m. The
distance of 25 meter between patches was chosen because ealier experiments (chapter 4)
demonstrated that over this distance pollen flow from donor towards the receptor patch was
reduced to about 25%. Moreover, the size of the fields did not permit much larger distances
between patches. Eadh patch contained 10female (virgin at the start of the experiment) and 20
male heals. Plants in pots were used. Only the eentral patch was allowed to deliver pollen and
this patch served both as donor and receotor patch. The male flowers in the two distant patches
were emasculated every half an hour, sincethe development of anthers continued duing the day
(see tapter 2). The cantral patch and one of the distant patches were conneded with a corridor.
This corridor contained either 30 female (virgin at the sart of the experiment) S columbaria
heads, or 30 male (but emasculated) S. columbaria heals or 30 Aster multiflorus cv blue star
heads or 30 Origanum vulgare inflorescences. Origanum was chosen since in natural populations
of S columbaria, inseds often carried a pollen load that contained a large number of Origanum
pollen (Kwak and Velterop 1997. Heals of Aster were chosen because their morphology
enables the same group of insedsto visit them and they were available later in the season when
Origanumwas out of flower.

The arangement of heads or inflorescences within the linear corridor was either regular with a
distance of about 80 cm between the individual heads or they were grouped in 6 clusters of each
five heads or five inflorescences, a adistance of 1.5 m between each other. The position of the
corridor was either parallel, along an imaginary axis conneding two patches or aaossthis
imaginary axis between the patches. Table 1 summarizes detail s of the experiments, performed
on several census dates.
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The experiments lasted between 4 and 6 hours. During the day, heads in each patch and
in the aorridors were screened for the presence of naturally occurring inseds (no attempt was
made to introduce particular insed species). This sreening, called surveys, lasted about 2
minutes for the threepatches and the rridor; screening was conducted 1560 times per day.
Insed species were classfied as syrphids (most common species Eristalis tenax, Eristalis
pertinax, Eristalisintricarius, Eristalis arbustorum, Eristalis nemorum, Helophilus pendulus),
flies, small flies (most probably Sphona geniculata), bumblebees (Bombus pascuorum Scop.,
mainly males and Bombus terrestris L.) and butterflies (Autographa gamma, Thymelicus spec,
Inachisio, Pierisrapae). All insed species are (very) common spedes in The Netherlands.
Visitation is given as the number of observed visits per 60 surveys per observation day.

In order to understand the results of pollen deposition, we followed foraging syrphids,
visiting hreads in the arridor. Eadh switch between heads in the corridor is called a hop and the
distance between two subsequently visited heads was noted as hop size. Minimum hop sizewas
1 (seedlso Figure 2). Thetotal number of observations of hop sizes per individual insed was
called a bout. Hop sizes per insed species per corridor type and mean hop size per corridor type
were alculated. Only bouts with a minimum of 3 hops (4 observed visits) were included.

At the end of each experiment, female heads were ®llected and the number of S
columbaria pollen grains per stigma was counted with a hand-lens of 20x. Either all stigmasor a
random sample of 10-15 stigmas were counted and the mean deposition per stigma per head was
calculated. After the dired counting of S. columbaria pollen in the experiments with Aster as
corridor species, stigmas of all female heads in the receptor patches were cleaned with a pieceof
asticky gel (Beattie 1972. The numbers of S. columbaria and Aster pollen per head were
counted in this gel using a microscope and the fradion Aster pollen was calculated.

Effeds of the arridors were tested for significance of the differences in the mean
number of pollen grains per stigma, deposited in the mnneded and control patch, using at-test
or Mann-Whitney U test.

Results
Viditation

Visitation showed large variation; in some experiments very large numbers of inseds
visited the heals (experiments j and sin Figure 1, note the differencein scale of the Y-axis
between the figures) while in athers lessthan 50 efficient polli nators were recorded (speades of
Apidaeand Diptera, the small fly spedes S. geniculata excluded): experiments h and | in Figure
1. Mogt frequent visitorson nealy all days were syrphid flies, especiall y the species Eristalis
tenax, Erigtalis arbustorum and Helophilus pendulus. Apidae mainly bumblebees, were present
in reasonable numbers in the experiments done with Origanum as corridor species. Butterflies
were also regular visitors in these experiments, both on Scabiosa and Origanum. The small fly
species S geniculata was smetimes present in very large numbers, particularly in the
experiments with Aster as corridor species.

In summary, S. columbaria, Aster and Origanum shared the same visitor species. Thus
visitors of the donor patches of S columbaria may use the @rridor speciesin order to read the
other S. columbaria patch.
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Insect visitation of the corridor

Some examples of long visitation bouts of individual syrphidsin the @rridor are givenin
Figure 2. Although the mean number of hops in a bout of an insed visiting an Aster corridor (5.3
+ 2.6, mean £ s.e.) was dorter than in the Scabiosa corridors (Scabiosa female and Scabiosa
male, all regularly arranged, 6.8 = 4.6, seeTable 1), this difference was not significant (Oneway
Anova P>0.05).
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Figure 2. Examples of the behaviour of individual syrphidson a crridor. A and B. Eristalistenax
in a Scabiosa columbaria male corridor on September 18, 1997, C. Helophilus penduluson a S
columbaria female arridor on September 11, 1997. S=start, E=end of the foraging bout.

Hop sizeswere alculated for threesyrphid spedes sparately: E. tenax, H. pendulus and
E. arbustorum visiting a S. columbaria female corridor where maximal guidance effed but also
maximal pollen loss was expeded, and an Aster corridor with an unknown guidance effed but
with a pollen lossin the crridor and a possble heterospecific pollen deposition in the receptor
patch. Syrphid species did not differ in hop sizeif the crridor consisted of S columbaria female
heads (Figure 3, Oneway Anova P>0.05). Inthe Aster corridor all threesyrphid species made
larger hops than on the Scabiosa corridor. On the Aster corridor hop size of E. arbustorum was
significantly higher than hop size of the other two insed species (Mann-Whitney U te<t,
P<0.005). With resped to the polli nation of the plant (lumping the data of all inseds), no
difference in hop size was found between hop sizeon a orridor with female or male S
columbaria heads (Figure 4, SNK-test, P>0.05) but hop sizein the Aster corridor was
significantly larger than in the other two corridors (SNK-test P<0.05). Making large hops on an
Aster corridor (compared with Scabiosa corridors) may result in aquick arrival in the receptor
patch, with probably a smaller lossof S. columbaria pollen in the Aster corridor compared to a
conspecific corridor. However, in the presence of an Aster corridor, deposition of Aster pollen in
the receptor patch of S columbaria is possible.
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Figure 3. Hop size (mean + s.e.) of the threemost important insed spedesin
corridors of different plant spedes (observations of 4 dates lumped, seeTable
1). Values differed significantly if indicated by different letters (SNK test,
P<0.05). Insed spedes did not differ in hop size in a Scabiosa columbaria
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Figure 4. Hop size (mean + s.e.) asthe plant (Scabiosa columbaria)
experienced (insed spedes lumped). Only hop size on the Aster corridor
differed significantly from hop size on the other two corridors (SNK test,
P<0.05).
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Pollen deposition in corridor

Deposition of S. columbaria pollen in the corridor may have occurred in al experiments
but it was only measured if S. columbaria female or Aster was used in the crridor. Thetotal
number of pollen grainsin the S. columbaria female corridor equaled the number found in the
receotor patches. In general, a deaease in the numbers of pollen on heads in the wrridor was
found from the donor patch towards the receptor patch (Figure 5). Figure 5A shows the large
difference in pollen deposition between two experiments done on the same day but in different
fields. Figure 5B showsthat S columbaria pollen was also deposited in the Aster corridor but the
numbers were smaller and the deaease with distanceto the donor patch was sarper thanin S
columbaria female arridors.

Pollen deposition in receptor patches

Depending on the plant species in the corridor, we expeded an effect on the guidance of
inseds, alossof S. columbaria pollen in the corridor and/or heterospecific pollen deposition.
Pollen deposition in the receptor patches is expressed as the ratio of deposition in the receptor
patch conneded with a crridor and the receptor patch not connected with the donor patch, the
control receptor patch (Figure 6A). A ratio higher than 1 indicates that the presence of a corridor
had a positive effed on the number of S. columbaria pollen deposited in the mwnneded receotor
patch. Inthose caes where S columbaria was the corridor species, the presence of a arridor
increased the pollen flow significantly towards the receptor patch in 4 out of 10 experiments. In
only one cae (afemale corridor) we observed a significant negative effed. Inthe experiments
with Aster or Origanum as corridor species only once asignificant positive effed on pollen
deposition was found. In 3 out of 12 experiments the presence of an Aster or Origanum corridor
resulted in alower pollen deposition. Overall, pollen deposition tended to be lower compared to
the aontrol patch, in patches conneded with the donor patch with a heterospeafic corridor
(Figure 6A).

Four experiments with heads arranged in clusters were done (seeTable 1). The datawere
insufficient to allow reliable amnclusions on the effed of clustering of heads or inflorescences
within a crridor dueto the fad that also threeplant species as corridor species were used. Only
three experiments were done with a crridor situated in an aaossposition insteal of a parallel
position. In all three experiments pollen deposition was deaeased, with one experiment showing
asignificant deaease (Figure 6A).
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Figure 6. A. Ratio between the number of Scabiosa columbaria pollen per stigma per
head in receptor patches conneded with a corridor between the donor and receptor
patch and in control patches. r=regular, c=clustered arrangement of heads or
inflorescences. Starsindicate significant differences in poll en deposition per stigma
between the two patches (t-test, at least P<0.05). B. Ratio between the percentages of
potential seed set of S columbaria in conneded patches and control patches. Stars
indicate significant differencesin poll en deposition per stigma between the two patches
(t-test, at least P<0.05).
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In an ealier experiment we found that at least 4 pollen grains per stigmawere nealed to
achieve the maximal seed set of one seed per flower (chapter 3). Applying this threshold of at
least 4 pollen grains per stigma, we alculated the ratio between potential seed set in the receptor
patch conneded with a corridor and the antrol receptor patch (Figure 6B). The same pattern
was found as observed for the mean number of S columbaria pollen deposited, although the
ratios in pollen deposition and potential sead set could differ largely in some experiments.

Variation in the number of visiting inseds and deposition of S. columbaria pollen was
very large. Since high visitation frequencies in the donor patch were not related with high pollen
deposition in the donor patches (a non-significant negative relation was found with r=0.28,
P>0.1, Figure 7A), arelation between visitation frequency and deposition in control receptor
patches, where pollen deposition was depended also on visitation in the donor patches, was not
to be expected. However, pollen deposition in the donor patch was positively correlated with
pollen deposition in the @ntrol receptor patch (Figure 7B, r>=0.57, P<0.01).
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Figure 7. A. Vistaion (number of visits of Apidae axd larger Diptera
per 60 observation surveys) and poll en deposition per stigma per hour
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stigma per head) in donor patches and control receptor patches of S
columbaria (y=-0.3+0.35x, r’=0.57, P<0.01).
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Heterospecific pollen deposition

The percentages Aster pollen in receotor patches were significantly higher if patches
were mnneded with an Aster corridor than without corridor (Table 2). Control receotor patches
recived Aster pollen, but the numbers were much lower although still reasonable.

Table 2 Percentages Aster pollen (mean + s.e.) asfraction of the total number of Aster and
Scabiosa columbaria poll en per head in control patches and patches conneded with an Aster
corridor; * P<0.05, ** P<0.01, *** P<0.005.

Percentage Adter in Percentage Adter in .

Date (1997) control patch conneded petch Statistics

215+4.0 512+5.8 t-test 4.25 ***
September 8

122+34 390+5.2 Mann-Whitney U 3.17 ***
September 11 238+3.3 36.8+5.2 t-test 7.32 ***

179+23 432+26 t-test 2.9*
September 25

353137 506 + 3.7 t-test 2.11*

Discussion

This gudy shows how insed pollinators may react on a corridor of heads or
inflorescences of the same or another plant species and describes what the mwnsequences are for
pollen exchange between patches.

Visitation of the patches varied dueto dfferencesin years and dates of experiments
during the season. Especially the experiments with Origanum as corridor species were done
ealy in the season with a substantial amount of visits of bumblebees and butterflies. Visitation
of S columbaria patches and poll en deposition within the same field on the same day varied very
much and in an unpredictable way. Therefore, no effect of the presence of a wrridor on insect
visitation could be deteded. Possibly only a fradion of the visitors of the donor patch will reach
the receptor patches. Other insedsthat did not visit the donor patches may have visited the
corridor and/or the receptor patches. The last category was counted as visitors but apparently had
no contribution as vedor of S columbaria pollen.

Diff erences between polli nator guilds of S. columbaria donor patches and S. columbaria
corridors may be dueto dfferencesin head density. Scabiosa female wrridors had fewer visitors
than the donor patches, whereas Scabiosa male crridors recaved the same number of visitors as
the donor patches (Figure 1). Differences in pollinator guil ds of Scabiosa donor patches and
Aster or Origanum corridors are much larger due to dfferences in both head or inflorescence
density and plant species.

Inseds that do not have absolute flower constancy can use a orridor consisting of
another plant species. In our experiments we cnsidered syrphids and to a lesser extent
bumblebees as important visitors and polli nators. Both syrphids and bumblebees (mostly males)
did switch between plant species. Little is known about the flower constancy of syrphid flies (but
seeGoulson & Wright 1998, but considering the composition of pollen loads on the bodies of
inseds visiting natural populations of S columbaria, only 15-37% of the grains were anspecific
(see tapter 2), their flower constancy is not high. Also bumblebees foraging in natural Dutch
populations caried alow percentage conspecific pollen (0.5-10.6%, chapter 2).
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In our experiments, it was clear that insed species differ in hop size (seeFigure 3).
Differences in hop size may influence onspecific pollen flow and heterospecific pollen
deposition. Thus, in experiments with mainly E. arbustorum as visitor other results can be
expected than in those where E. tenax or H. pendulus are the only visitors. However, such a
difference wuld not found in our data because various gecies simultaneously were responsible
for the pollen flow.

Only in four cases with S. columbaria as corridor spedes we found a significant increase
in pollen deposition in patches conneded with a corridor; a significant deaease in pollen
deposition in the presence of a @rridor was found once However, the mean ratios of pollen
deposition using a S. columbaria corridor were 1.52-1.60 for male and female S. columbaria
corridors respedively (a positive effed) while for Aster and Origanum corridors were 0.79 and
0.89 respedively (anegative effed). The expeded loss of pollenin a wrridor, especially ina S
columbaria female arridor, does not to be important, as $rown by the cmparison of the data of
male and female crridors). Guidance of inseds by conspecific flowers in the crridor was much
more important than pollen lossin the arridor. It seemsthat the presence of different plant
species in the corridor may have anegative effed on pollen flow. Pollen deposition in the
receptor patches was significantly influenced, in threeoccasions negative and only once positive.
The presence of these corridors of another plant species may work in two ways: first, inseds may
be deterred by the rridor flowers and don't visit them. Seaondly, flowers in the crridor may
receive so much S columbaria pollen that few grains are left on the insed's bodies in order to
read the other patch. Because we estimated that the pollen lossin an Aster or Origanum corridor
was not greaer than in a S, columbaria female @rridor (seeFigure 5 A and B) and we found that
pollen deposition in the mnneded receptor patch was lower after an Aster or Origanum corridor,
we a@nclude that corridors with another plant species had a deterrent effect on the behaviour of
inseds visiting S. columbaria.

No conclusion could be drawn about the dfed of head or inflorescence arangement in
the aorridor (in clustersor regularly distributed) on pollen flow becaise of shortage of data. In a
similar experiment, Manasse (1992 and Cresswell (1997 could not demonstrate a net effed of
clumping on gene flow, although the behaviour of pollinators changed. In two experiments, done
on August 8, 1996 with a parallel corridor of Origanum in clusters, gene flow of S columbaria
pollen was measured by analysing the dispersal of allozyme marker alleles (using non-
emasculated patches, data not presented in this chapter). No significant effed of the arridor on
gene flow was found. The mere distance effect of 25m was much larger than the dfed of the
presence of the wrridor. Fluorescent dye powder was also used in those experiments and despite
a onsiderable loss within the corridor, similar amounts were deposited in conneded and control
patches. We did not find a relation between wind diredion and/or wind speed and the ratio of
pollen deposition in donor and receptor patches.

In several species, fruit and/or seed set was deaeased after heterospecific pollen
deposition (Galen and Gregory 1989 Kwak and Bergman 1996. Thus, visitation of a corridor
containing another plant species may result in heterospedfic pollen deposition, which may have
anegative effed on sead set. Even if a @rridor of a heterospecific plant species has a positive
effed on the guidance of pollinating inseds visiting the arridor spedes and increases pollen
flow, the net impad of the arridor on seal set may still be negative. In those situations where a
corridor has a negative guidance effed on insects, an additional negative effect, that of
heterospecific pollen deposition, may occur. We found a reasonable percentage of Aster pollen
(37-51%) in conneded patches. The effect of Aster pollen on seed set was not sudied.
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Our study shows that the impad of a wrridor on the behaviour of inseds and the
resulting pollen flow depends on the plant species present in patches and in corridors as well as
on the pollinator species. Thus, the quality of the @rridor influences the behaviour of the
pollinating inseds. Results of the present study are much more variable than in ealier
experiments with Phyteuma nigrum and bumblebees as polli nators (Kwak 1994 Kwak et al.
1998 Kwak and Vervoort 2000. Behaviour of syrphids is different from that of bumblebees
concerning traplining and possibly flight distances. Recature percentage of marked bumblebees
was 80-100whil e the percentages of recatures of marked syrphid individuals visiting S
columbaria amounted to only 4% (n=160) indicating the continuous replacement of flies.

Summarizing, the presence of a mnspecific corridor has a more positive effed on pollen
flow than a heterospecific corridor despite the lossof conspecific pollenina S. columbaria
female corridor. The visitation by inseds of a heterospecific corridor resultsin a @wnsiderable
amount of heterospecific pollen deposition. The scale of our experiments permits only
conclusions on interpatch movements and not on interpopulation movements.
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Effects of pollination system and plant architecture on genetic erosion in fragmented
habitats: a theoretical study

With F.J. Weissing

Summary

Fitness effeds of genetic erosion were studied, with special attention to the interadions
between plants and their animal pollinators. Pollinator behaviour is modeled as a‘dedsion rule’,
which determines gene flow patterns and hence the genetic structure of the plant population.
Furthermore, pollinator behaviour induces adaptations of plant architedure, i.e. allocaion of
resourcesto survival, attradivity to pollinators and investment in seeds, with obvious eclogical
implicaions for population persistence To model genetic erosion, we mncentrated on the
acamulation of deleterious all eles due to mutation-seledion balance, and used the frequency of
deleterious mutations, mean population viability and mean vigor asindicaors of population
performance. Seledion by the pollinators, via atractivity and seed investment, resulted in a
reduced mutation load in a large population, when compared to a pure viability selection model.

We mnsidered threedifferent pollinator dedsion rules, varying in their readion to plant
attractivity: highly seledive Best-of-Two (BOT) strategy, non-seledive Difference-of-Two
(DOT) drategy and intermediate On-its-Own. After fragmentation, purging of the mutation load
was more dficient with strong pollinator seledion on attractivity (BOT), reducing the impad of
genetic eosion. Fragmentation might affea not only population size but also the degreeof
isolation between remnant subpopulations. However, spatial population structure had only
marginal effeds on genetic e'osion. In contrast, an increase in the selfing rate dter fragmentation
may substantially enhance genetic erosion. If habitat fragmentation is acaompanied by a change
in pollinator type, especially a switch from BOT to DOT pollinators may enhancethe effeds of
genetic eosion. A high emlogica vulnerability and a low genetic vulnerability, both induced by

very seledive pollinators (BOT), are two sides of the same @in.
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1. Introduction

Habitat fragmentation threaens the persistence of many plant populations (Soulé 1986
Weeda d al. 1990 Caughley 1994). When retural habitats are fragmented, large, continuous
plant populations are often divided into several smaller and relatively isolated patches. These
small, remnant populations experience an enhanced risk of extinction dueto fadors as
demographic and environmental stochasticity. These risks are espedally important for
specialized plant-pollinator systems, sincethe cmbination of two vulnerable partners will
cetainly increase the extinction risk of the whole system.

In addition to such ‘emlogical’ risks, fragmented pant populations may be threaened by
genetic risks aswell. In small and isolated populations, allele frequencies change due to random
genetic drift, allowing the spread of deleterious alleles. Moreover, homozygosity is expeded to
increase, giving inbreeding effeds a more dominant role. How rapid such ‘genetic erosion’
(Bijlsma @ al. 1991 Van Treuren et a. 1993) occurs and to what extent it influences population
fitness is gill not well understood. The mating system of a plant species will certainly be of
crucial importance, sincethe genetic structure of a population is grongly affected by selfing and
restricted gene flow (e.g. Slatkin 1987; Hartl and Clark 1989.

In animal-polli nated plants, gene flow and hence genetic population structure is largely
determined by the behaviour of their pollinators. It is therefore anceivable that the (genetic)
risks of habitat fragmentation are different for insed-polli nated plants, as compared to plants that
do not depend on pollinators for their reproduction. In fad, pollinator choosinessintroduces an
additional seledive force, which might efficiently reducethe genetic load of a plant population,
resulting in areduced paential for genetic erosion. If plants carrying alarger number of
deleterious mutations are not attractive to pollinators, they will rarely be visited, resulting in an
efficient elimination of these deleterious alleles. As a mnsequence, by reducing the potential for
genetic erosion, the polli nators might buffer a plant population against the extinction risk by
genetic processes. By means of a suite of models, we want to investigate whether and under what
circumstances, the polli nation system affeds the mutation load and ‘ genetic vulnerability’ of
plant populations to habitat fragmentation.

Models for genetic erosion are usually based on the ideathat fragmentation allows the
acaimulation of deleterious, recessive mutations (e.g. Lande 1995. In most of these models,
deleterious mutations have negative effeds on population performance due to the reduced
viability of individuals carrying many of these deleterious alleles. In this paper, we extend such
viability seledion models to include other seledion presaures, in particular pollinator-induced

seledion via the mating system of the plant. In addition to viability, we consider other fitness
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components like &tractivity to pollinators, production of rewards and investment in seed
development. To this end, we asume that the genetic constitution of a plant determines its
‘vigor’, i.e. its potential to aqquire a cetain amount of resources. The lower the number of
deleterious mutation a plant harbours, the more resources it has available. We assume that vigor
is positively related to threefitnesscomponents, namely viability, attradivity and seed
production. Obviously, viability affeds the survival of the plant itself. The dtractivity of a plant
to pollinators determines male fitness, i.e. the relative wntribution of a plant to the pollen poal,
which isthus crucially dependent on the behaviour of the polli nators. Seed production is related
to successful fertili zation by pollinators, but also includes all kinds of maternal effects,
influencing the survival of the seeds.

The behaviour of the pollinatorsis a aucial asped of our model. The model is
individual-based from the plant perspedive, but to keep it as smple as possible, the pollinators
areindiredly represented by their ‘decision rule’. Mediated by the pollinators decision rule, the
investment of a plant into attractivity istranslated into its contribution to pollen export and
pollen import. The impad of attradivity is gudied for two different scenarios. In one of the
scenarios, attractivity isimportant for both male and female function, as is the cae for many
monoecious plants. In the other scenario, attractivity effeds on male and female reproductive
contribution are relatively independent of each other, as may be found in some dioecious plants.

This gudy ams at investigating the effea of the pollinator dedsion rule and the relation
between male and female function on genetic erosion. However, it does not make much sense to
compare different pollination systems diredly with another, becaise eah plant species will be
adapted to its Pecific set of pollinators. Sincethere will be atrade-off between the various
fitness components, the allocation of resources to these mmponents is expeded to vary with the
pollination system. In other words, the relative importance of fitness components, which are
related to pollen export and pollen import, is grongly dependent on the type of pollinator.
Consequently, the decision rule of the main pollinator has important consequences for *plant
architedure’, i.e. the amount of resourcesthat a plant investsin its own survival compared to the
amount invested in advertisment and seed production. For our study, this implies that we cannot
asume that plants with very choosy pollinators have the same allocaion pattern as plants with
non-selective pollinators. In order to make a‘fair’ comparison between polli nation systems, we
first derive the esolutionarily stable allocaion pattern corresponding to the system under study.
Afterwards, we use the alaptive allocation pattern to investigate the acaimulation of deleterious
mutations and the genetic consequences of habitat fragmentation. In particular, we want to know

whether a switch in the prevailing pollinator, accompanying habitat fragmentation, makes a plant
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more vulnerable with resped to genetic eosion.

The paper is gructured as follows. As areference system, we first consider mutation-
seledion equilibrium in a context of viability seledion and the genetic consequences of
fragmentation in this context. We then extend this model to include other fitnesscomponents,
related to pollen export and pollen import. We consider several variants of the model,
corresponding to different pollinator decision rules and different relations between male and
female function. For ead version of the model, the optimal resource dlocaion pattern is
determined by an Evolutionarily Stable Strategy (ESS analysis. Oncethe optimal plant
architedure has been derived, the plant population is fragmented and the cnsequences of
genetic eosion for plant population performance ae studied. Our main focus is on the dfeds of
pollinator dedsion rules and the dependence between male and female function for genetic
erosion in asingle small population. Additionally, we investigate the impact of pollinator-
mediated gene flow between subpopulations, and of increased selfing rates after fragmentation.
Finally, we study the mnsequences of changes in pollinator type after habitat fragmentation.

2. Deleterious mutationsin small populations

One of the most plausible causes for genetic erosion isthe acamulation of deleterious
mutations in small, remnant populations. New, deleterious alleles are continuously creaed by
mutation and usually disappea by seledion. In large populations the seledion pressures are
sufficiently strong to keep the mutant alleles in alow frequency (mutation-seledion balance). In
smaller populations deleterious mutations are more exposed to seledion, which givesthe
opportunity for purging of the mutation load. On the other hand, in small populations deleterious
aleles become eaily fixed due to random genetic drift. The net effed of these opposing forcesis
not always clea (Charlesworth et al. 1993 Gabriel et al. 1993 Lande 199%; Lynch et a. 1995.
To analyse these processes we will study in asimulation model the effeds of genetic erosion due
to alarge number of loci. We want to investigate to what extent the mutation load will increase
after fragmentation of a large, continuous population into small and relatively isolated
populations. In this dion we first consider the deleterious effeds of mutations on viabil ity.
Later thiswill be extended to other seledion presaures, like dtradivity and seed production,

which result from the interadions between plants and polli nators.
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The Haldane-Muller principle

In alarge population deleterious mutations are kept at low frequencies by mutation-
seledion balance At asingle locus the equilibrium frequency for completely recessive
deleterious allelesis § = /i / s, where j isthe mutation rate to deleterious alleles. The
seledion coefficient s represents the reduction in fitnessif an individual is homozygous for a
deleterious allele. As a mnsequencethe mean fitness (i.e. viability) of the population is given by
F=1- s§ = 1- u (e.g. Hartl and Clark 1989. Interestingly, the mutation load of the
population, i.e. the reduction in mean viability due to deleterious mutations, is independent of the
seledion coefficient sand depends only on the mutation rate . This independence of the
mutation load from the seledion coefficient is called the Haldane-Muller principle. For partially
recessive deleterious alleles a similar principle holds. Here the equili brium frequency is
g = u/ hs, where h represents the degreeof dominance This results in a mean fitness
(viability) of the population approximately equal to F=1-2 U, which is again independent of

the seledion coefficients s and h.

The Haldane-Muller principle in a multil ocus context

While clasdcal theory has focused on a single locus context, the mutation load in ared
population is gread over many loci. To investigate whether the Haldane-Muller principle
extends to the multilocus context we used a smulation model. To this end we used a large
number of loci (say n=100), which are unlinked. Each locus has a wildtype dlele with maximal
fitness and a number of deleterious alleles, which all reduce fitness to a cetain extent. Mutations
of the wildtype to deleterious all eles and backmutations to the wil dtype allele occur with
mutation rate 1, which was assumed to be equal for all loci. For smplicity we assume that all
mutations are mpletely recessve, that means that loci have maximal fitnesswhen deleterious
aleles are in heterozygous condition and that fitness is reduced by an amount s when they are
homozygous for deleterious all eles. The value of the seledion coefficient s was taken the same
for all loci. Therefore the fitness of an individual depends on Hy the number of loci for which it
caries homozygous deleterious alleles. It is often assumed that loci interad multiplicaively (e.g.
Lande 1995 Charlesworth and Charlesworth 1998 Lynch and Walsh 1998 and that individual
fitnessis given by (1- s)™. In contrast, we make the simplifying assumption of an additive
interadion between loci, leading to fitness F=1- Hq - s. (Since for the parameters considered have
(1-s)™ = 1- H4 (5, the differences between these two types of models are of marginal

importance)
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With additive interadions between unlinked loci, one might exped that the mean fitness
of the population in mutation-selection equil ibrium for completely recessive alleles were
F=1- un. Inother wordsthe mean viability of the population should only depend on the
genome-wide mutation rate (2un), and be independent of the seledion coefficient s. To
investigate whether the mutation load in a multilocus context conforms to this prediction we ran
anumber of computer simulations. We kept the genomic mutation rate at avalue of 2un=1 and
varied the number of loci (n), the mutation rate per alele per locus (1) and the seledion
coefficient (s). Figure 1 shows the results for six different parameter combinations. The first half
of each panel (-1000< t < 0) showsthat the mean fitnessof the population (mean viability, F)
and the mean number of loci homozygous for deleterious alleles (H ,) rapidly converge to an
equilibrium value. The number loci which are homozygous for deleterious alleles clealy
depends on the strength of seledion s, with lower values of H, for higher values of s (compare
panels A to C). Thisis not unexpeded since, acording to the mutant allele frequency
g = yJu/ s,the per locus homozygosity of deleterious allelesis inversely related to s. In
contrast, the mean fitnessof the population, or more predsely its mean viability, is less
dependent on the seledion coefficient. In fad, with the product un kept constant, the actual
mutation rate Y, the number of loci n and the seledion coefficient s seem to be of marginal
importance for the mean population fitness(compare panels 1 and 2). In this sense the results are
in line with the Haldane-Muller principle. However, the mean viability is F = 0.65 and hence
larger than the predicted value 1-pn = 0.5, which corresponds to alower equilibrium frequency
of deleterious all eles (not shown). The most probable explanation for this discrepancy is that the
population is large (N=1024), but not infinite, giving rise to stochastic effeds. In addition, it is
conceivable that, even in the dsence of linkage, associations between loci develop (e.g. Hartl
and Clark 1989 Charlesworth et al. 1992 Charlesworth et al. 1993, violating the independence

asaumption on which the naive expedation F = 1- un is based.
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Figure 1. Mean fitness(bdd) and mean number of loci with homozygous deleterious all el es (dashed) before (-1000
<t<0)and after (0 <t <50) fragmentation. In the first 1000 gnerations a snglelarge population (N=1024) evolved
to mutation-seledion equilibrium. At t=0 thislarge population was fragmented into 64 small, completely isolated
populations of N=16 individuals each. In all cases the genomic mutation rate 2un was equa to 1. Panelsdiffer in the
values of p and n (panels 1 and 2). The seledion coefficient sisincreased from 0.05 to 0.5 (pands A to C).
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Fragmentation

Figure 1 also illustrates the fate of a (relatively) large population in mutation-seledion
equilibrium that is fragmented into multiple small and completely isolated subpopulations (64
populations with N=16 each). The dfeds of fragmentation on the mean fitnessof the population
and on the acamulation of loci with homozygous deleterious alleles are shown in the second
half of the panels (0 < t < 50). The severe reduction in population sizeresults in adecline in
mean viability of the population within a few generations. When many loci (n=250) are
involved, the number of loci with homozygous deleterious all eles doubles after fragmentation
and mean fitnessis reduced to half the original value. With alower number of loci (n=100) the
effeds of fragmentation are less gvere and the reduction in mean fitnessis only half as large
compared to 250 loci, even when the genomic mutation rate is equal. The seledion coefficient s
had only a minor effect on the decline in fitness. Although the number of loci with homozygous
deleterious all eles was much higher for low values of s, this low seledive disadvantage resulted
inamore or lesssimilar reduction in fitnesscompared to high values of s.

After afew generations purging of the mutation load starts, due to seledion against
homozygous deleterious mutations. The frequency of loci which carry homozygous deleterious
alleles declines and mean viability rises again (e.g. Charlesworth et a. 1993 Lynch et a. 1995.
This deaease in mutation load and increase in mean fitness are slightly slower when a smaller
number of loci are involved. In our smulations the original mean fithesswas never fully restored
nor excealed. Especially with arelatively low number of loci the mean fitnessat generation t=50
remained below the original fitnessof the large population, probably becaise we prevented
fixation of alleles in the small subpopulations by allowing continuous mutation and
bad<mutation. With a high selection coefficient s the increase in fitness due to purging of the
mutation load started ealier (t<10if s>0.25, but t>20 for s=0.05). Strong selection also induced
more rapid puging, resulting in a much shorter time with very low population fitness (less than
50 generations for s>0.25).

To summarize, the effeds of fragmentation on population fithessare most severe and the
time needed for subsequent recvery is longest in case of many loci with alow mutation rate and
wed seledion against individuals homozygous for deleterious all eles. Although this may be the
most realistic scenario for natural populations, we will for the rest of this paper focus on the
scenario Nn=100, pu=0.005 and s=0.25. In particular, we those arelatively small number of loci,
due to computational and time limitations. But we want to stressbeforehand, that in view of
Figure 1 our results might be too optimistic, concerning the impad of population fragmentation

in natural systems.
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3. Plant-pollinator interactions and their consequences

Most studies on the effects of genetic erosion were only concerned with viabil ity
seledion. In a plant-pollinator system additional selection pressures arise, which might have
important implications for the (genetic) vulnerability of the plant population. Attractivity of the
plants has an important role for their polli nation. Therefore arelatively large investment of
resources into polli nator atraction is beneficial for the plant. These high investmentsin
attractivity can have serious negative aonsequences for the fitnessof the plants, as is well known
from the theory of sexual selection (Anderson 1994). Pollinator seledivity, i.e. a preference for
more atractive plants, corresponds to a seledion presaure, which is patentially stronger than
viability seledion. Hence pollinator seledivity contributes to the reduction of the mutation load
in plant populations.

The effed of attractivity on plant fitnessis mediated via the number of visits a plant
reaives. The number of visitsis obviously related to the export and import of pollen. How
attractivity differences are translated into dfferencesin pollinator visitation strongly depends on
the seleaivity of the pollinator dedsion rule. We will here wmnsider threedifferent decision rules
and investigate their consequences for the number of visits and acardingly pollen export and

pollen import.

Polli nator dedsionrules

A plant’s pollination depends on the number of visits it recaves by the polli nators. The
decision rule used by the pollinatorsto dedde which plant to visit istherefore aucial for the
distribution of visits over the plants. In our model, polli nators have apreference for more
attractive plants. Plant attractivity is at least partially determined by the genotype of the plant.
Attractivity has a broad interpretation, which might include the number of simultaneously
opened flowers, their arrangement in inflorescences, flower size, flower colour, production of
odours, etc. The plantsin the population vary in their attractivity value. We distinguish three
types of pollinators, which differ in seledivity, i.e. the strength of their preference for more
attractive plants.

The first decision rule is based on the ideathat a pollinator samples plants squentially
and that it decides for ead plant separately whether the plant will be visited or not. This decision
rule will be @lled ‘On-its-Own’ (OIO), sincethe dhanceto be visited, once being (randomly)
sampled, only depends on the plant’s own attractivity. Still, OO results in frequency dependent

seledion if the total number of pollinator visitsto the plant population as awhole is fixed. In that
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case the acual number of visitsto agiven plant depends on its own probabil ity to be visited (its
own attractivity) relative to the visitation probability of the other plants (mean attractivity).

The other two dedsion rules are fundamentally different, sincethey are based on the
dired comparison of different plants. The simplest of theserulesis ‘Best-of-Two’ (BOT), where
a polli nator compares two randomly sampled plants and visits the plant with the highest
attractivity value. Thisdecision rule is a special case of the more general Best-of-n strategy,
where the best out of n sampled males is chosen (Janetos 1980. The Best-of-Two dedsion rule
corresponds to highly selective pollinators, since any differencein attractivity value, however
small it may be, results in large differences in the number of visits a plant will receive. We
therefore included in our sudy aless ®ledive, comparative decision rule which we all
‘Difference-of-Two’ (DOT). A polli nator applying the DOT dedsion rule randomly samples two
plants. Its deasion which plant will be visited is based on the differencein the dtractivity values
between the two sampled plants. If the difference in attractivity is small both plants have an
almost equal probability to be visited, while alarge differencein attractivity results in most
pollinator visits being made to the more dtractive plant. This DOT decision rule might thus
represent the increase in *errors’ when a polli nator has to discriminate between plants with very

similar attractivity values.

Plant visitation
Consider a population of plants, which vary in their attractivity value A, which varies

from O to 1. If P(A) describes the distribution of attractivity values in the plant population, the

1

mean attradivity in the population is given by I PA)CAd A= A.
0

The plant population is visited by pollinators, which make on average q_o visits per plant. These
visits are distributed over plants with different attractivity values acording to the visitation
function @(A), which refleds the decision rule of the polli nators. Pollen export is assumed to be
diredly dependent on the number of visits a plant receives and thus on the dtractivity value of
the plant.

For dedsion rule OIO, pollen export is directly proportional with the dtractivity of a
plant: ¢ (A) O A. For deasion rule BOT, the number of visits agiven plant recivesis

proportional with the probability that the other plant sampled has a lower attractivity value:

@A) U Prob(a< A) = f P(a)da.

0
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For dedsion rule DOT, a polli nator has to choose between two randomly sampled plants, with
attractivity values A; and Ay, respedively. If both plants have an equal attradivity value, each
has a dhance of %2 to be visited. This basic probability is modified acording to the differencein
attractivity values, A; - Ay. For plant 1 the probability to be visited is increased if its own
attractivity is higher and deaeased if its own attradivity is lower than that of the other plant. The
probability that plant 1 isvisited isthus given by %2 + %2 (A1 - A2). Hence, the number of visitsa
plant with attradivity A receives is proportional with ¥ + %2 (A- A ):

o(A) 0% (1+ A-A ).
For al threedecision rules, the constant of proportionality is easily obtained from the

A

consistency requirement @ = ‘!’ @A) P(A) d A.

Asaresult, we obtain the following relation between plant attractivity and the number of visits:

On-its-Own WA) = % T (1a)
Difference-of-Two oA = (1+ A-A o (1b)
Best-of-Two YA) = 2@ P(a)da Op (1c)

All threevisitation functions are depicted graphicdly in Figure 2.
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_e_

Attractivity, 4

Figure 2. Relation between the number of visits a plant recaeves and its attractivity
for different pollinator dedsion rules. For OlO (solid) and DOT (dotted), the
number of visitsislinearly related to the plant=s attractivity, whil e the relation for
BOT (dashed-dotted) corresponds to the cumulative distribution of A. Noticethat
for OO and DOT a plant with average atractivity receves the mean number of
visits. For BOT, thisis only the @ase when the distribution of attractivity valuesis

symmetric, i.e. if the mean equalsthe median, asisasaumed in thisfigure.

Pollen excdhange and seed production

Both export of pollen to other plants and deposition of pollen on stigmas, i.e. the
contribution to the next generation via male and female function, depend on pollinator visitation.
Pollen export is clealy dependent on the number of visits a plant recaeves. In fad, we aume

that pollen export and hence male function is diredly proportional with the number of visits:

pollen export O @(A) 2
One might exped that pollen import occursin asimilar way to pollen export and is

determined by the number of visits. However, several other aspeds are important for the

deposition of pollen. A larger nedar production, for example, generally results in a longer
duration of visits (Primack and Silander 1975 Thomson and Plowright 198Q Harder 1983),
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probably leading to alarger amount of imported pollen. Additionally, maternal investment in the
development of seals (e.g. endosperm production) has a positive effed on seed quality. For
simplicity, we combine nedar production and other maternal effedsinto asingle allocation
component, which we all seed investment, |. We assume that pollen import and seed production
are proportional with this el investment and with the dtraction of pollinators: seed production
01 - Y(A). The influence of pollinator attraction on pollen import, Y(A), need not be the same &
on pollen export, ¢ (A). For example, in dioecious plants or in plants where male and female
flowering are separated in time, these two functions can be quite different. For smplicity, we
consider only two extreme scenarios. In the first scenario (‘type | plants'), seed production only
depends on sedl investment, i.e. Y(A)=1. Thisis, for example, the cae for wind-polli nated
plants. In the second scenario (‘type Il plants’), pollen export and pollen import are governed by

the same principles, i.e. Y(A)= ¢ (A). This scenario probably applies to most monoecious plants.

In other words
typel: seal production [ | (33
typell: sead production OJ | - @(A) (3b)

All ocation comporents

Viability, attradivity and seed investment are dl important for the reproductive
contribution of a plant to the next generation. However, plants have only a limited amount of
resourcesto invest in these fitness components and the plant has to choose how many of its
resources it will allocae to ead component. We assume that a plant’s cgpacity to aaquire
resources depends on its genetic constitution, that means on the number of deleterious, recessive
mutations it has acamulated. This geneticdly determined cgpacity to aaquire resources will be

called vigor (F). The vigor of aplant is given by

F=1-s- Hq (4)

where Hq is again the number of loci which carry homozygous deleterious all eles and s denotes

the seledion coefficient.
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We asaume that a plant has to divide its resources over threedifferent fitness
components: viability (V), affeding survival, advertisment (A), determining the number of visits,
and seed investment (1), influencing pollen import and seed production. We suppose that the
allocation of vigor isgoverned by threegeneticdly determined allocation parameters:. v for
viability, a for advertisment and i for seed investment, respedively. These allocation parameters

represent the relative allocaion and sum to unty, v+a+i=1. The resulting fitness components are

V=VF, A= aF, I=iF (5)

Thus the amount of resources allocaed to ead fithess component depends on the plant’s
architedure (i.e. the combination of allocaion parameters) and on the genetically determined

vigor of the plant.

Shat-term versus longterm effeds

In principle, plant vigor (F) aswell as plant architedure (v, a, i) both reflect the genetic
constitution of a plant. It isimportant to redize, however, that changes in the allocation pattern
will occur on avery different time scale than changes in plant vigor. In fad, changes in plant
architedure will occur on along-term, evolutionary time scale, reflecting the adaptation of a
plant to its polli nators. In contrast, changes in plant vigor may occur much more rapidly (on an
ewlogicd time scale) in response to changes in the local environment, e.g. fragmentation. For
this reason we will consider changes in allocation parameters sparately from changes in plant
vigor.

In afirst step (section 4) we investigate the expeded change of v, a and i in response to
pollinator behaviour. We asume that the evolution of allocation parameters takes place under
favourable and relatively constant environmental conditions. Accordingly, vigor (F) is assumed
to have amore or lessfixed value. Given this fixed value of F we determined the evolutionarily
stable allocaion pattern v*, a* and i*. In aseand step (sedion 5) we investigate short-term
changes in plant vigor F in response to environmental disturbance. Since on the corresponding
short-term time scale the allocation pattern will hardly change, the allocation parameters will be
kept fixed at their ESSvalues.
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4. Optimal allocation patterns

Our main goal isto obtain insight into genetic erosion for various types of plant-
pollinator interadions. We have to facethe cmplication that the pollination system and plant
architedure ae not independent from one another. In fact, the allocaion parameters of the plant
will refled the plant’s interadions with its pollinators. In other words, v, a and i should not be
viewed as arbitrary parameters, but asthe result of an evolutionary adaptation process
We use a1 Evolutionarily Stable Strategy (ESS approadch (Maynard Smith 1982 to determine
the allocaion pattern v*, a*, i*, which is optimal for a given pollination system. To this end, we
asuume that the plant population is large and urfragmented. All plants have the same fixed vigor
F. Up to anormalization factor the asolute resourceinvestments are equal to the allocaion

parameters: viability V=v, advertisment A=a and seal investment |=i, respedively.

ESS anbysis

Quite generally, an evolutionarily stable strategy can be found as follows (Maynard
Smith 1982). Consider aresident population with allocaion pattern x*, which isinvaded by a
rare mutant with allocation pattern x. The fitness of the mutant in such aresident population is
denoted by W(x,x*). The allocaion strategy x* is an ESSif the fitnessof all possible mutantsis

lower than the fitnessof the resident type. In other words, an ESS is given by
W(x,x)=max W(x.x) (6)

Tednically an ESScan be determined on basis of the aiterion

2
M@:o,awﬁ<o (7)
ox O 0x’ O

where the notation indicates that the partial derivatives are evaluated at (x*,x*), i.e. for x=x*.

The Shaw-Mohler equaion

In case of reproductive allocaion, the fitnessof an allocation strategy x in aresident
population x* is given by the Shaw-Mohler equation (Charnov 1982
1 Um(x) N f(x) L

W)= S By T ToF

(8)

In this equation m(x) and f(X) denote the reproductive contribution to the next generation via
male and female function, respedively. In our case the variable x corresponds to an allocation
pattern (v, a, i) which, due to the onstraint v+a+i=1, can be represented by the two variablesv

and a. We assume that the reproductive wntribution via pollen (male fitnesg is proportional to
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two factors: a plant’s viability v and the expected number of visits ¢(a,a*) that a plant with
advertisment a recaves in aresident population with advertisment level a*. Male cntribution is
thus given by m(v,a) = v- ¢ (a,a*). The reproductive contribution via seeds depends on the plant
type. For plants of type | (see3a) the production of surviving seals (female fitness) is
independent of the number of visits and depends only on viability and seed investment, f(v,i) = v
-1 =V (1-v-a). For plants of type Il (see3b) the reproductive contribution via seeds depends also
on the number of visits the plant receives, f(v,i,a) =v-i- ¢ (a,a*) = v (1-v-a) ¢ (a,a*). Asaresult

we obtain two versions of the Shaw-Mohler equation, one for ead plant type:
1 Og(a,a ) l-v-al

typel: W= = — (%93
2 %(a 18.) l'V -aE
typell: W = —va(a,a)D Uy tv-al (9b)
E 1-v - aE

ESS d# ocation patterns
In view of (9), the ESS values of the allocation parameters can be obtained from the

criteria
wg_ 1.1 __, 19
ovigd v 2(1-v-a)

and

U U

typel: Mgzlgl—*%g - 1 0= 0 (11a)
dad 2 dagd 1-v-ap

typell: wg _Ltoeg L _j (11b)

dald ¢ dad 2(1-v-a)

In other words, we obtain the ESSconditions:

= 2(1-a-v)=2i (12)
and
typel: id_(DH = 1 zl (139)
 dap  1-v-a i
typell: LopH . 1 1 (130)

¢ dag 2(1-v-a) 2i
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Ifwe @l Kk = i 99 H , we arive & the following ESSallocaion pattern:

@ dap
typel: vF=2/K, i*= 1K, a*=1-3/k
typell: vF= 1K, i*=1/(2k), a*=1- 3/(2k)
or equivalently:
typel: vkt rar=2:1:k-3
typell: VEoikrar=2:1:2k-3

Dependenceon pdlinator deasionrule

. o= 1 09H
Obvioudly, the quantity K = — — ,
@ dap

(14a)
(14b)

(159)
(150)

indicating the increase in the number of visits which a mutant with higher advertisment will

reaive, isof crucial importance for the optimal plant allocation pattern. In view of (1) and since

a=a*. intheresident population, the expeded number of visits depends in the following way

on the decision rule of the pollinators (illustrated in Figure 3):

. a _ 1

OlO: plaa)= — = K= -

a a

DOT: p@aa)= (1+a-a) ¢ = K=1
00 ifa<a

BOT: ¥(a,a ) = E (0* ifa=a => K= o

E(pmax ifa>a
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Number of visits, ¢{a,a™)

Advertisment, a

Figure 3. Expected number of visits ¢(a,a*) of a mutant with advertisment
level ain aresident population with advertisment level a* for various
dedsion rules. In case of OIO (solid) and DOT (dotted), the number of
visitsincreases linearly with a, while BOT (dashed-dotted) leadsto a step-
function. Lessextreme choicefunctions will probably lead to an S-shaped

function ¢ (a,a*) which isalso indicaed in the figure (dashed).

Inserting (16) into (14) yields the ESSallocation pattern for all threedecision rules. Notice that
in case of the very seledive pollinator dedsion rule BOT, plants $ould invest all their resources
into advertisment, since aminute increase in advertisment results in a much higher pollinator
visitation (K=c0). Seledion presaures by polli nators using the DOT decision rule ae much lower.
In fad the value of K isequal to 1, which would formerly result in a negative allocation in
advertisment: a*<0. Of coursethisisimpossible, but at the ESS the allocation to advertisment
will be minimal (a*=0), resulting in v*= 2/3 and i* = 1/3. Although pollinators with choicerule
DOT do select plants acarding to their advertisment, well-adapted plants sould invest no
resources into this fitness component. The benefit of additional resource dlocation to
advertisment is in equilibrium much lower than the benefit of investing these resources into
viability or seed production. For the decision rule OIO we find the following optimal allocaion
patterns: K = 1/a* = 4 for type | and k = 1/a* = 2.5 for type Il plants (Table 1).
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Table 1 ESSallocationsto viability (v*), advertisment (a*) and seed investment (i*). For plant type | male
and female cntribution are independent, whereas for plant type Il female mntribution dependsalso an the
number of visitsto the plant.

Dedsionrule plant type viahility, v* sed investment, i* advertisment, a*
I:f=iv 0.5 0.25 0.25
On-its-Own
II: f=giv 0.4 0.2 0.4
Diff-of-Two 0.67 0.33 0
Best-of-Two 0 0 1

ESS # ocationsfor a partially selfing plant

Many hermaphrodite plants are self-compatible and undergo regular selfing
(Charlesworth and Charlesworth 1987). Selfing changes the relative importance of allocaion to
male and female reproductive structures. For a plant with a fixed selfing rate S, the fitness
contribution of selfed seeds depends only on female reproductive effort, whereas the fitness of
outcrossed seals depends on both male and female reproductive allocation. Thisresultsin a

modified version of the Shaw-Mohler equetion:

1 0 m(x) f(x)C
SO0t ~L
2gm(x) f(x)C

W)= S % 4 (1-5)

() (17

Calculations analogous to those in the dsence of selfing give the ESSallocation pattern for

partially selfing plants:

typel: VEiFrar =20 1+SK(L-9) - (39 (183)
typell: VE iR rar =20 1+S 1 2K- (3+9) (18b)

With help of (16) the ESS allocations can be solved for our deasion rules (Table 2).

Table 2 ESSallocationsto viability (v*), advertisment (a*) and seed investment (i*) for partialy selfing
plants with fixed selfing rate S For plant type | male and female @ntribution are independent, whereas for
plant type Il female mntribution depends also an the number of visitsto the plant.

dedsion rule plant type viahility, v* sed investment, i* advertisment, a*
: 1 1+S 1-S
I:f=iv — - = - =
: 2 4 4
On-its-Own
: 2 1+S 2
II: f=qiv
5+S 5+S 5+S
Diff-of-Two 2 1+S 0
3+S 3+S
Best-of-Two 0 0 1
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Smulation appoach

A limitation of the ESSapproad is that it assumes a monomorphic resident population,
which isinvaded by a single mutant. In contrast, natural populations are often highly
polymorphic. We therefore ran a number of individual-based computer simulations in order to
investigate the robustness of the ESSpredictions (12) and (15). To this end, we mnsider alarge
population of diploid plants (N=1024), whose dlocation patterns are determined by the alleles at
three dlocaion loci. The population is patentially highly polymorphic, since a ead locus a
broad spedrum of alleles (with allelic values ranging from O to 1) is feasible. For ead plant, the
allocaion to a given fitness component is proportional to the sum of the two allelic values at the
corresponding allocaion locus. Hence, for a plant with ‘allocation alleles' vy, v,, ay, &, i1, i2 the
alocaion to viability is given by (vi+v,) / (vi+v, +ai+ay+is+ip). The resulting allocaion pattern
determines the plant’ s expected viability, number of visits and seed production. Based on these
expectations, the red values are determined by a chance process In addition to seledion, the
population is affeded by genetic drift and mutation. Mutation is modeled as follows: with
probability p (u=0.000]) per gamete and generation, a mutation is creaed which differs from the
original allele by a value that is drawn at random from the interval [-0.01,+0.01]. Figure 4 shows
that in all cases the population converged rapidly to an allocaion pattern that closely resembles
the ESS predictions (indicated by arrows). This shows that the ESS predictions are quite robust.
The decision rule Best-of-Two led to rapid extinction of the population, becaise the investment
in viability evolved to zero and no seals survived to the next generation (not shown). Although it
is theoretically possible that natural seledion drives a population to extinction, we mnsider this
not very likely for real populations. We therefore assume from now on, that none of the
allocation parameters can be zeo. More spedfically, for the rest of the paper, we asume that the

relative allocations cannot drop below 5% of the total avail able resources.
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runs are given. Note that for BOT the time scde with plant type | (f = iv) is much longer than for the other smulations

(panel C1). Viability: upward triangle; advertisment: open circle; seed investment: downward triangle.
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Conclusions

Obviously, the pollination system is of crucial importance for plant architedure, i.e. for a
plant's optimal allocation of resources to viability, advertisment and seed production. The
pollinator's decision rule is more important than the plant type for the optimal allocaion pattern.
In fad, only for pollinators with decision rule OIO does the plant type matter at al. Not
surprisingly, in this case allocaion of resources to advertisment is lower in plants where seed
production is independent of the number of visits (type | plants). However, the pollinator's
decision rule is the dominant fador determining the ESS allocaion pattern. The decision rules
DOT and BOT induce relatively extreme plant allocation patterns, while decision rule OIO,
which leads to intermediate selectivity (seeFigure 3), induces a mixed allocation pattern. The
extremely low allocaion in viability, which isinduced by deasion rule BOT, resultsin an
enhanced vulnerabil ity of the plants. Notice that these specific adaptations to the polli nator can
have implications for fragmentation, becaise habitat fragmentation can be acompanied by a

shift in the main polli nator type.

5. Genetic erosion in a plant-pollinator system

Now that we have derived the optimal allocation pattern for a given pollination system,
we can address the dfects of habitat fragmentation on genetic erosion. From now on, we keep
the allocation patterns fixed at their optimal values (with a minimal allocaion of 0.05) and
investigate whether and to what extent the mutation load is affeded by fragmentation.

Smulation model

The simulation model is similar to the model for genetic eosion in aviability seledion
context (Figure 1). We now include allocation to viabil ity V, advertisment A and seed production
|. For ead polli nation system the allocaion parameters are fixed at their ESSvalues, with the
proviso that at least 5% of the available resources ould be allocated to ead fitnesscomponent.
According to the genetic constitution of the plant, its resulting vigor F and the fixed allocation
parameters v*, a* and i* the plant allocaesV, Aand | (see @n. 5) to the threefitness
components. A population comprises a fixed number of N positions. For eat position male and
female gametes are drawn repededly from a pollen poal and ovule poal, until a surviving seed
results. The survival probability of a newly formed seed is given by V=v*F=v*(1- s - Hy) and
hence refleds the genetic constitution of the seedling. A surviving sealling has advertisment
A=a*F, which results in a number of visits ¢(A), depending on the dedsion rule of the pollinators

(see eqn. 1). The contribution of a seedling to the pollen pool is proportional to ¢(A). The
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contribution to the ovule pool depends on the sealling's investment |=i*F and, in case of type Il
plants, on the number of visits received @(A) (see @n. 3). As described above, plant vigor Fis
determined by the number of loci carrying homozygous deleterious alleles, F=1 - s - Hq. In all
cases, we use n=100/oci, a genome wide mutation rate of 1 and a seledion coefficient s=0.25.
As mentioned ealier, alower mutation rate i and wedker selection will result in more dramatic
effeds than the parameter combination used here.

To study the effeds of genetic erosion we monitored the mean frequency of deleterious
aleles, the average number of loci homozygous for these alleles ( H ) and the resulting mean
vigor. Moreover, we observed changes in the mean population viability. This might in reality be
an important indicator of the vulnerability of a plant population. To quantify population viabil ity
we kept tradk of the number of trials M, which are needed to fill the N available positions, and
defined population viability V = N/ M . Noticethat V isrougHy equivalent to v*F.

We start all simulation runs with arelatively large population (N=1024), which is
allowed to evolve to mutation-selection equilibrium before fragmentation takes place For all
pollination systems 1000 generations were sufficient (Figure 5, -1000 < t < 0). After 1000
generations the population is fragmented into many small populations (64 with N=16 each). We
study different degrees of isolation and self-pollination. Finally in some of the simulations

fragmentation is associated with a switch of pollinator type.
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Mutation-seledion equili brium

The first part (-1000 <t < 0) in the panels of Figure 5 shows how the mutation load
depends on the pollination system. When compared with pure viability selection (Figure 5 D,
which is equal to Figure 1 B2) the mutation load is lower when plant-polli nator interadions play
arole. With respect to the number of loci with homozygous deleterious all eles, and hence also
mean vigor, the most seledive decision rule BOT prevented best the acamulation of deleterious
mutations. It is followed by the less €lective decision rules OIO and DOT and finally by pure
viability seledion. Accordingly, mean vigor is highest for Best-of-Two and lowest for viability
seledion. Interestingly, the opposite is the cae for mean population viability. Since plants
confronted with very selective pollinators have only few resources left to invest into viability, the
mean viability of the population is highest for pure viability seledion, followed by DOT, OIO
and BOT. Compared to the dfeds of the polli nator deasion rule the plant type is of minor
importance Only in case of BOT type Il plants differ from type | plants: if seed production also
depends on advertisment (type Il) the mutation load is slightly lower and ac@rdingly mean vigor

higher.

Complete fragmentation

Figure 5 also shows the dfeds of population fragmentation (0<t<50). The fragments
generated at t=0 were completely isolated from one another. Noticethat fragmentation resulted
inarapid increase in Hq and correspondingly arapid decrease in mean vigor. After
fragmentation mean vigor drops to approximately 3/4 of the value just before fragmentation.
Since population viability is roughy proportional with mean vigor (\7 =y E) the same
principle gplied to population viability, be it at asmaller scale. Interestingly, the drop in vigor
after fragmentation was most pronounced for those systems having the lowest initial level, due to
non-selective pollination (pure viability seledion and pollinator dedsion rule Diff-of-Two). In
fad, the drop in vigor for these systems was to +73% of the original value, compared to >80%
for the more seledive decision rules OIO and BOT. Qualitatively, however, the dynamics of
genetic erosion after fragmentation was not much aff ected by plant type or polli nator dedsion
rule. In all cases, vigor gradually increased again after the initial drop, due to purging of the
mutation load. However, in none of the cases, 50 generations were enough to approach the value

found before fragmentation.
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Partial isolation between subpopuations

Obviously, the genetic consequences of fragmentation are most drastic in case of
complete isolation. In retural systems, isolation will often be less complete than simulated in
Figure 5. To smulate incomplete isolation, we modified our smulation model by allowing a
cetain fradion of between-population pollen flow. In the modified model female gametes are
always drawn from the local ovule pool, while male gametes are drawn with probability A from
the local pollen poaol and with probability 1-A from the pollen pool of another small population.
Hence, A isameasure for the degreeof isolation, A=1.0 corresponding to complete isolation (as
in the simulations of Figure 5). Concerning between-population pollen flow, we consider three
scenarios for the choice of the pollen donor: ‘random’, ‘ neaest neighbour’ and * attradivity-
based’. For scenario ‘random’, the pollen donor is picked from the pollen pool of arandomly
chosen subpopulation. With ‘ neaest neighbour’, alinea arrangement of subpopulationsis
asumed and a foreign pollen donor is picked from one of the two adjacent subpopulations. The
scenario ‘attradivity-based’ reflectsthe ideathat the aumulative avertisment of all plantsina
subpopulation determines the atractivity of the subpopulation to pollinators. In this senario, the
chance of a given subpopulation to contain a pollen donor depends on the mean advertisment of
the plants in that subpopulation.

Asillustrated by Figure 6 the threescenarios hardly differed in their effeds on genetic
erosion. For agiven degreeof isolation (Figure 6A), the dynamics of genetic erosion was
qualitatively similar to that in case of complete isolation, but, not surprisingly, less pronounced
for smaller values of A. Figure 6B shows the mean vigor after 10 generations of fragmentation
for the threescenarios and various values of the isolation parameter A. Mean vigor F att=10
deaeased slowly from 96% of the original value for A=0to 7726 for A=1. Thisreduction in vigor
occurred gradually with increasing isolation. Noticethat for A<0.6 mean vigor is hardly affeded
by fragmentation, but even for larger values of A the effeds of fragmentation on vigor are
limited.
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was fragmented into 64 subpopulations (N=16 each) and we used p=0.005, n=100, s=0.25.

Increased selfing

Thusfar, we have focused on the effeds of fragmentation per se, without considering the
possibility that fragmentation is associated with changes in the polli nation system. For example,
it is conceivable that the lower availability of plants for pollinatorsin small populations leals to
an increase in the selfing rate. Such an increase in selfing will have atwofold effed. On the one
hand, increased selfing will increase mean homozygosity, lealing to a more pronounced drop in
plant vigor and a more dficient purging of the mutation load. On the other hand, the plants are
no longer optimally adapted to their pollinators, since the optimal allocaion pattern critically
depends on the selfing rate (seeTable 2).

To study these combined eff ects we repeat our previous simulations, but now increase the
selfing rate from S=0 before fragmentation (-1000<t<0) to S=0.2 and S=0.5 after fragmentation
(0<t<50), respedively. Now, the drop in vigor, which wasto 73% of the original value in the
absence of selfing (Figure 7A), was more pronounced (63% resp. 51% of the original value,
Figure 7B and 7C), when the selfing rate was increased. However, this drop in vigor was
transient. Sincethe increased level of homozygosity, associated with selfing, leads to an
enhanced exposure of deleterious all eles to selection, these deleterious mutations are relative
efficiently purged from the population. As aresult, after about 50 generations mean vigor
readed almost the same level, independent of the selfing rate.
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Figure 7. The effeds of an increase in the selfing rate after fragmentation on plant
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We used type Il plants (f = ¢iv) with dedsion rule DOT and p=0.005 n=100, s=0.25.
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Changein pdlinator type

Another fador, that will frequently be assciated with fragmentation, is a change in the
abundance of pollinator species. It is easily conceivable, that the original pollinator of a plant
speciesisreplaced by a new one. This might have implications for genetic erosion, sincethe
plant’s allocation pattern will no longer be optimally adapted. To investigate the dfeds of a
change in pollinator type we run the simulations anew, but switching the polli nator type & the
moment of fragmentation (t=0). The results are illustrated in Figure 8.

In general, a switch in pollinator type had arelatively minor effed on the drop of vigor
after fragmentation (although the drop was somewhat higher, when the switch was to the least
seledive pollinator, using decision rule DOT). However, the dhange in pollinator type had a
marked effed on purging, that means the recvery of vigor after fragmentation. Generally,
recvery was fastest for original pollinators of low seledivity and new pollinators of high
seledivity. In fact, the most efficient purging occurred for a switch from DOT to BOT (Figure 8
B3), while vigor remained a alow value, when pollinator type BOT was replacel by DOT
(Figure 8 C2). Obviously, the population viability was mainly affeded by the allocaion pattern,
which, in turn, was adapted to the original pollinator type.
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6. Discussion
Genetic erosion and poplation persistence

With no doubt, ecological risks are of major importance for the persistence of plant-
pollinator systems. In this paper, we did not addressthese eological risks, but focused on the
role of genetic eosion, which may also influence the extinction risk of animal-pollinated plants.
The exad relation between genetic erosion and the probabil ity of population extinction is gill
unknown. Therefore, we did not model the eological consequences of genetic eosion explicitly.
In fad, we kept population size onstant, making extinction of the plant population impossible.
We also negleded the possibility that habitat fragmentation may result in lower pollinator
visitation rates and insufficient pollination. In natural populations, areduction in vigor will often
lead to areduced sead production and a decline in population size. Pollen limitation of seed set is
another plausible cnsequence of habitat fragmentation, although the degreeto which plants
suffer reduced seed set might vary (e.g. Byers 1995 Ramsey 19%; Le Corff et al. 1998
McCauley and Brock 1998 Totland et al. 1998. If we had allowed varying population sizes and
areduction in pollinator visitation after fragmentation, many of our populations would probably
have gone extinct dueto pollinator limitation. Instead, we used the frequency of deleterious
mutations, mean population viability and mean vigor as indicaors of population performance.

However, a the moment the ‘emlogical’ relevance of these indicatorsis unclear.

Fitnessconsequences of genetic erosion

To model genetic erosion, we cncentrated on the acaimulation of deleterious alleles due
to mutation-selection balance. The genomic mutation rate, that means the total number of
mutations per individual per generation, is of crucial importance Estimates of the genomic
mutation rate usualy vary between 0.2 and 20 mutations per individual per generation (Lynch
and Walsh 1998, but seeCrow (1999. Here, we used a genomic mutation rate of U=1.0. In
theory (seesedion 2) only the genomic mutation rate gpeasto matter for genetic erosion,
rather than the per locus mutation rate 1. This allowed us to compensate for arelatively low
number of loci (n=100, spealing upthe simulations) by arelatively high mutation rate per locus.
However, the theoretical expedation that only pn matters, which was derived for infinite
populations, seemsto hold only approximately for the smaller populations considered here. In
fad, for agiven genomic mutation rate, the dfeds of genetic erosion seem to be more severe in
case of alarger number of loci with a smaller mutation rate per locus (seeFigure 1). By using a
relatively small number of loci, we will thus have underestimated the ansequences of genetic

erosion in our simulations.
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Acoording to the Haldane-Muller principle (seesedion 2), the effect size of deleterious
mutations (the seledion coefficient s) does not affed genetic eosion, at least in an infinite
population. Again, in the finite populations gudied here, the Haldane-Muller principle only holds
by arough approximation. It was found that genetic erosion had the strongest effeds for the
small est values of the seledion coefficient s (seeFigure 1). Empirical estimates of the average
effed size of deleterious mutations vary enormously, but they are usually considerably smaller
than the seledion coefficients chosen in our smulations (s=0.25) (Lynch and Walsh 1998.
Hence, our smulations will probably underestimate the amount of genetic erosion.

To kee the genetic assumptions as simple as possible, we only considered recessive
deleterious alleles. In natural populations, deleterious mutations will often be only partially
recessive, but estimates of the fitnessdepresson of heterozygotes, 1-hs, vary considerably. Our
choiceof h equal to zero will probably overestimate the dfeds of genetic erosion, since asmall
value of h has similar effeds as a small seledion coefficient s (e.g. Charlesworth et a. 1993.
We did not study the possibility of overdominance in fitness, which might have alarge impact on
genetic eosion, but is generally considered a lessimportant facor (Lynch 1991; Fu and Ritland
1994). However, even if the mgjority of loci correspond to the pattern of partial dominance, a
small number of loci with overdominance may have alarge effed, becaise genetic eosion due
to overdominance canot be purged.

In this paper, we kept the genetic assumptions as simple & possible, in order to focus on
the fitnesseffeds of genetic erosion that may be typical of plant-pollinator interadions. In
particular, we addressed the extent to which it matters whether selection is only ading on
viability (asisusually assumed in models of genetic eosion) or also on other fitness
components. In our models, where also attractivity and seed investment played arole, the
mutation load in a large population was reduced, when compared to a pure viabil ity seledion
model (seeFigure 5). Qualitatively, the system readed in a similar way to habitat fragmentation
asinthe cae of pure viability seledion. Quantitatively, however, purging of the mutation load

was more dficient with strong seledion on attractivity, reducing the impact of genetic erosion.
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Modeling pdli nator behaviour

Polli nator behaviour (i.e. ‘decision rule’) isa cantral aspect of our model. On the one
hand, the polli nator behaviour determines gene flow patterns and hencethe genetic structure of
the plant population. On the other hand, the pollinator behaviour has more long-lasting effects by
inducing adaptations of plant architedure, with obvious emlogical implicaions for population
persistence

To ke the model as simple as possible, individual pollinators were not modeled
explicitly, but instead represented by their ‘decision rule’. Although pollinator behaviour is
cetainly much more complex, preferential visitation of certain flowers and plantsis an important
asped of their foraging strategy. It is often found that plants with large floral displays (large
flowers or inflorescences with many flowers) are visited more frequently than plants with a small
floral display (Klinkhamer et al. 1989 Goulson et a. 1998 Le Corff et a. 1998 Krupnick et al.
1999. Soltz (1986 found that bumblebees visited mainly neaby inflorescences, but made
occasional visitsto plants farther away. She suggested that these plants are more dtractive to
pollinators.

An important asped that is obviously missng in our model, is the individual behaviour of
pollinators, which might have an important impad on the local genetic structure of plant
populations. Mainly for simplicity, we focused on small, unstructured petches. However, we dso
considered pollinator-mediated gene flow between subpopulations, which can be viewed as
gpatial structure on a somewhat larger geographicd scale. In general, we only found marginal
effeds of spatial population structure on genetic erosion, unlessthe degreeof isolation between
subpopulations was high (A>0.6, Figure 6). The exad way in which the effeds of spatial
structure were modeled was not important. We studied threedifferent scenarios for the dhoice
between subpopulations, which were inspired by empirical observations that pollinators might
follow different flight paths between patches of flowering plants: more or lessrandom, area
restricted seaching or traplining along fixed routes (e.g. Soltz 1986 Herrera 1987 Stacy et al.
1996 Thomson 19%; Velterop and Kwak 1997). All threescenarios for the dhoice between
subpopulations gave similar results (Figure 6). Certainly, to redly quantify the effeds of spatial
structure on genetic erosion, amore extensive study is required, based on a spatially more

explicit model with individual pollinators.
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Impli cations of padllinator behaviour

The importance of plant attractivity for pollinator visitation differed between the
pollinator dedsion rules. Differences between polli nator spedes were found empirically in
studies to the reaction of insects on plant attractivity, which is usually measured as floral display,
i.e. the number of simultaneously opened flowers. For example, bumblebees readed more
strongly to differences in floral display of Wurmbea doica than did flies (Vaughton and Ramsey
1998. Although they found butterflies to be more seledive too, in other studies butterflies were
more concerned with seaching mates than with foraging for food, presumably resulting in non-
seledive flower visitation (Goulson 1997, pers. observ.).

In our model, we mnsidered three different pollinator dedsion rules, which are perhaps
not sufficiently realistic, but on the other hand, might reflect, at least qualitatively, different
pollination systems. One might speaulate that our highly selective Best-of-Two (BOT) strategy
represents a specialistic plant-pollinator interadion, while the non-seledive Difference-of-Two
(DOT) drategy corresponds to ageneralist pollinator, which might be less‘critical’ with resped
to flower choice between and within plant species. In view of our result that genetic eosion is
more severe in case of a non-selective pollinator (seeFigure 5), one might therefore predict that,
at least from a genetic point of view, specialized pollination systems are lessvulnerable to
fragmentation than plants with generalist polli nators.

In this paper, we have focused on the dired effeds of fragmentation on the genetic
composition of a plant population. However, habitat fragmentation will often be acompanied by
changes in other fadors, which are important for genetic erosion. It is conceivable that
pollinators beaome less €lective after fragmentation of a large population into small
subpopulations, becaise fewer alternative plants are available for visitation in the vicinity. Other
aspeds of pollinator behaviour might also change. For example, Klinkhamer et al. (1994 found
that bumblebeevisitation sequences to isolated plants were longer as compared to large groups
of plants, resulting in increased geitonogamy. As $own in Figure 7, such increased selfing rate
after fragmentation may substantially enhance genetic erosion. As a aonsequence, self-
compatible plant species might be genetically more vulnerable to habitat fragmentation,

compared with self-incompatible plants.

123



Even more drastic than such changes in polli nator behaviour, are switchesin the
pollinator type, that might regularly acaompany fragmentation of natural habitats (e.g. Olesen
and Jain 199; Allen-Wardell and al. 1998 Keanset a. 1998. Our smulations srowed that
new, highly seleaive pollinators (BOT) were ale to purge the genetic load quicker, and needed
fewer generations to restore population viability to its original value (seeFigure 8). One might
expect that when switches in pollinator type occur, often (highly) seledive pollinators will be
replaced by less €lective pollinators. As $rown by our simulations (seeFigure 8, panel C2),

such a switch may enhancethe effeds of genetic eosion.

Effed of evolutionary history on dant vulnerahility

By explicitly addressing the effed of the pollination system on plant architecure, we
have stressed the importance of evolutionary history for the future prospeds of a plant
population. We ae avare that our allocaion model is rather simple and perhaps not sufficiently
realistic. We assumed, for example, that the total amount of resources available had to be
distributed over threenon-overlapping compartments. This simplifies the analysis, and one
should realize that a more mechanistic goproach may lead to rather different evolutionary
predictions (Pen and Weisang 1999. Our assumption that resource allocaions tranglate linealy
to the fitnesscomponents, was also made only for simplicity. More sophisticaed models should
include the possibility of condition-dependent allocaion, where the allocaion pattern depends
on the amount of resources avail able (e.g. Klinkhamer et a. 1997). Even with these limitations,
we ae convinced that evolutionary considerations should not be negleded in the context of
conservation genetics.

In our case, the cmmbination of evolutionary arguments with an analysis of the short-term
genetic consequences of fragmentation, ill ustrates the interplay between genetic and eclogical
vulnerability. On the one hand, the most selective pollinator leads to areduced mutation load,
resulting in less severe genetic e'osion. On the other hand, the same very seledive pollinators
induce alow allocaion of resourcesto viability. Consequently, plants with this type of
pollinators will be more susceptible to seed failure, due to demographic and environmental
stochasticity. Hence, a high elogical vulnerability and alow genetic vulnerabil ity, both

induced by very seledive pollinators, are two sides of the same win.
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List of symbols

n

nw T QO

-

> < T

number of loci

frequency recessive deleterious allele

mutation rate per alele per locus

seledion coefficient

number of loci homozygous for deleterious mutations

degreeof dominance

time in number of generations

vigor

total viability

attractivity (total advertisment)

total seal investment

alocaion to viabil ity

allocaion to advertisment

allocation to sead production

number of visits a plant with attractivity A receives

steepness of ¢ (A) for plants with equilibrium attractivity, i.e. the increase in number of
visits which a mutant with higher advertisment will receive (egn. 13 and 14
pollen import by a plant with attractivity A

fitness of mutant with strategy x in resident population with strategy x*
reproductive successvia male function

reproductive successvia female function

number of individuals

population viabil ity

number of trials needed to obtain a surviving seed

selfingrate

degreeof isolation
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Summary

Habitat fragmentation and gene flow in animal-pollinated plants

During the last decales, many natural habitats became fragmented. The remaining areas
can only sustain small populations, which are vulnerable to stochastic processes. The importance
of demographic and environmental stochasticity iswell known. In contrast, the impact of genetic
stochagticity islessclea and crucially dependent on the anount of gene flow between the
remnant populations (chapter 1).

In case of plants, gene flow can occur via seads or pollen. As el dispersal in many
plant species israther regtricted, gene flow by pollen can have a onsiderable impad on the
genetic composition of a plant population. Pollen can ke dispersed by various vedors, like wind,
water or animals. Despite this variation in dispersal mechanism, pollen dispersal distances
generally follow a leptokurtic distribution, resulting in deposition of the majority of pollen grains
close to the source plant and only incidental dispersal over larger distances. The exad shape of
the pollen dispersal curve will depend on many emlogical fadors, especially when biotic
vedors, like insects, areinvolved. Both the polli nator spedes present and their behaviour
determine the efficiency of pollen transport and the distances over which pollen grains are
exchanged. Polli nator species composition and pollinator behaviour may vary in response to
changes in spatial population structure of plant species, such as size, density and degreeof
isolation.

The effeds of habitat fragmentation on pollinator behaviour and the mnsequences for
patterns of pollen flow in Scabiosa columbaria are the main focus of this gudy. In chapter 2,
visitation of inseds on S. columbaria is investigated in netural populations and their importance
for polli nation determined. Then, the performance of several estimation methods for gene flow is
compared in our experimental study system (chapter 3). Using the same setup, the dfeds of
habitat fragmentation on pollen flow between patches of S. columbaria are studied
experimentally in chapters 4 and 5. Interadions between plant and polli nators and their
consequences for genetic erosion after habitat fragmentation are investigated theoretically
(chapter 6).

Pollination value of insect visitorsfor Scabiosa columbaria

We investigated the pollination value of regularly visiting insectson S. columbaria
(chapter 2) in order to understand our experimental results and to elaborate these with respect to
the aonsequences of habitat fragmentation for natural populations. In The Netherlands, S
columbaria was frequently visited by bumblebees and syrphid flies, while moths and butterflies
were regular visitors. Additionally, in French populations, honeybees and the specialist bee
species Dasypoda argentata were commonly observed. The insed groups were dassified
acwrding to several foraging charaderistics, like flight distance between subsequent flower
visits (quality), purity of the pollen load (quality), number of heals visited per minute (quantity)
and number of S. columbaria pollen grains deposited per unit time (quality). Bumblebees and
syrphid flies were comparable in polli nation value, foraging at a moderate speed and flying over
intermediate distances between flower visits. Furthermore, both groups deposited a large amount
of heterospecific pollen. Due to their high abundance, bumblebees and syrphid flies were very
important pollinatorsin the Dutch populations. Butterflies were rather inefficient pollinators,
foraging at low speed and carrying very small numbers of pollen grains. However, they were the
only group regularly covering distances >10m between flower visits, making their visitation
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potentially important for the genetic diversity of the plant populations. In France, bumblebees
and syrphid flies were rarely observed. The most abundant visitors were D. argentata and
honeybees. The pollination value of honeybees was similar to that of bumblebees and syrphid
flies. Dasypoda argentata was a very good pollinator, scoring high on all foraging
charaderistics. Due to the dsence of this gecialist visitor in The Netherlands, the Dutch
populations of S. columbaria depend on an assembly of less efficient pollinators for their
pollination. Consequently, the quality and quantity of pollination may fluctuate with variation in
insed species abundance As each taxon contributes to another asped of pollination, the
presence of adiverse pollinator guild is very important for the polli nation of S. columbaria.

Variation

Variation in time and space is inherent to experiments under (semi-)natural conditions.
Insed abundance varies with the time of day, with weaher conditions, seasonally and between
yeas. Additional variation may originate from differences in the flowering surroundings and
from individual variation between pollinatorsin body load and foraging pettern.

Large variation was indeed found in insed abundance between days, over the flowering
season of S. columbaria, between yea's and weaher conditions (chapters 2 and 5). Additional
variation was observed between experimental patches, between the fields where they were
located and between individual insects. As a mnsequence, the amount and pettern of pollen
dispersal were also highly variable (seediscussion of chapters 3 and 4). We repeaed all
experiments ®veral times, spread over the flowering season. By combining the results, temporal
variation was included to get an overall view of the pattern of pollen dispersal. Despite the
limited number of replicaes and the high stochasticity, a omuple of clea conclusions could be
readed.

Estimating pollen-mediated gene flow

Different techniques can be used to estimate gene flow by pollen. The relative
performance of some of them was evaluated for a patchy population of S. columbaria. To
investigate pollen dispersal after habitat fragmentation, alinearly arranged population of S,
columbaria, consisting of three ejually sized patches separated by 25m, was creaed in meadow
without other flowering plants. Two replicaes of this experimental population were locaed in
different fields and were pollinated by naturally occurring inseds. On five days, spread over a
flowering season (1996, dispersal of pollen grains, a pollen analogue (fluorescent dye powder)
and allozyme marker all eles was simultaneously observed (chapter 3). Dired observations of
insed behaviour were not regularly included, becaise trading of individually marked syrphid
flies, which are important visitors of S. columbaria in The Netherlands, appeaed to be very
difficult over alonger time period.

Eadh method for the estimation of gene flow has its own advantages and li mitations.
Allozyme analysisis arelatively costly and time-consuming technique, both in the preparation of
experiments and in the analysis of the seads. Furthermore, the results may be cmnfounded by
seledion on genotypes during fertilizaion, ripening and germination or aacidental lossof seeds
while manipulating the plants. It gives, however, the net effect on successful gene flow and
therefore we used it for validation of the other methods. Fluorescent dye powder is applicable
when genetic markers are not avail able. Different pollen sources can be distinguished by
different dye wlours, allowing multiple independent estimates of pollen dispersal in asingle
experiment. Fluorescent dye powder can be used without emasculation, thus avoiding possible
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changes in insect behaviour in response to the presence and absence of pollen. Pollen grains of S
columbaria are large (50-70 um), making pollen counts in emasculated patches arelatively quick
and direct method to estimate pollen dispersal. At the end of an experiment, pollen counts are
immediately available, allowing the rapid adjustment of the experimental design if necessary.
For pollen countsin S columbaria, emasculation is needed to identify the pollen sourcein this
self-compatible plant species.

Variation between fields and days was large for al estimates of pollen flow, but when
averaged over several replicaes, the dispersal patterns of fluorescent dye powder and allozyme
aleles were almost identical. Estimates of pollen flow, based on dispersal of pollen grains into
emasculated patches, were dso similar to dispersal of dye powder and allozymes (chapter 3).
Although quantitative estimates of pollen flow differed, allozymes, dye powder and pollen grains
all showed the same qualitative pattern of pollen dispersal. Emasculation had only quantitative
effeds on pollen flow, because patterns of pollen dispersal using pollen counts and fluorescent
dye powder were gill qualitatively similar over larger distances, upto 200n (chapter 4). Thus,
each of these methods can be used in comparative studies, where the relative dispersal of pollen
isinvestigated under different circumstances.

Pallinator behaviour and pollen flow in fragmented habitats

Habitat fragmentation results in increased distances between patches and often an
increase in barriers, restricting pollinator foraging and gene flow. These apeds of habitat
fragmentation were investigated separately with resped to their effeds on polli nator behaviour
and petterns of pollen flow. Pollen dispersal was compared to emasculated patches with varying
degrees of isolation from a source patch of pollen. The effedivenessof corridors in reducing
isolation and increasing pollen flow between patches was also investigated. These experiments
used pollen counts. Inthe isolation by distance experiments, fluorescent dye powder was applied
additionall y. The observed differences in pollen dispersal between patches were extended to their
genetic consequences using the results of chapter 3. The impad of (a dhange in) the pollination
system on the dfeds of habitat fragmentation was gudied theoretically.

Isolation by distance

Isolation by distance severely reduced pollen dispersal (chapter 4). Alrealy at a distance
of 25m, pollen deposition in emasculated patches was approximately one quarter of the
deposition found in the source patch. Pollen grains rarely dispersed over 200m. Dispersal of
fluorescent dye powder and allozyme marker alleles deaeased even faster with distance than
dispersal of pollen grains (chapters 3 and 4). Deposition of dye powder and allozyme alleles at
25m was only 10% of that in the source patch, thus pollen counts overestimated the ésolute
amount of effedive gene flow by pollen. Although pollen dispersal deaeased steeply with
distanceto the source patch, this was not completely refleded in the production of seeds. Seal
set dedined less svere with distance (chapter 4), presumably becaiuse four pollen grains per
stigma ae already sufficient for maximal seed production (chapter 3).
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Barriersand corridors

A hedgerow or bushes may function as a barrier to insed foraging behaviour. To mimic
the dfeds of such physical barriers a amouflage net was used in order to visually isolate a
single patch. Despite the use of several replicates, pollen dispersal was too variable between
fields, days and yeasto allow sound conclusions (chapter 4). On some days a tendency for
reduced pollen flow to ‘isolated’ patches was found, while on other days pollen dispersal even
increased. The camouflage net, which clealy was a visual barrier to humans, did not function as
abarrier to pollen flow. Care should be taken in the interpretation of structures with resped to
their effeds oninsed behaviour.

It is often suggested that corridors may enhance gene flow between (sub)populations. The
effeds on pollen flow between patches were investigated using different types of corridors,
varying both the quality (flowering species) and arrangement within the arridors (chapter 5).
The flowering species in the crridor influenced both insea behaviour and pollen flow.
Vigitation of flowersina S columbaria corridor with female heads resulted in a wnsiderable
loss of conspecific pollen in the corridor. Nevertheless atendency for increased pollen
deposition in conneded patches was found, compared to control patches, which were not
connected with a corridor. Guidance effeds increased the number of inseds, flying along the
corridor, and the resulting increase in poll en transport appeaed to be more important than the
loss of pollen on corridor flowers. In corridors consisting of S. columbaria, polli nators flew
shorter distances between subsequent flower visits, compared to heterospecific corridors
containing Aster. Despite these larger flight distances and potentiall y lower pollen losses, pollen
flow between conneded petches tended to be reduced, if the corridor contained Aster. Probably,
insed pollinators are deterred by a heterospecific corridor. Furthermore, corridors containing
heterospecific flower species resulted in a high deposition of heterospedfic pollen in conneded
patches. No significant effeds of corridor arrangement on pollen flow could be detected, at least
with the limited number of replicates done.

Plant-pollinator interactions

Different polli nator spedes readed dfferently to fragmentation of the plant population.
For example, the presence of a flower corridor resulted in different flight distances between
flower visits for several species of syrphid flies, influencing the dispersal of conspeafic and
heterospecific pollen (chapter 5). Besides differences in reacion to fragmentation between
pollinator species, also the polli nator spedes composition may be affeded by habitat
fragmentation. The effeds of such changes in the pollination system after habitat fragmentation
are difficult to addressexperimentally and were therefore studied theoreticall y (chapter 6).
Different types of pollinators were represented in the model by different ‘decision rules’,
determining how the next plant to be visited is chosen. The doiceis based on plant attractivity,
which depends on the resource dlocaion of the plant with resped to survival, attractivity to
pollinators and investment in seeds. The plant allocation pattern is geneticdly determined and
evolves in response to the seledion presaures excerted by the pollinators. Thus, the pollinator
decision rule determined both the pattern of gene flow in the plant population and the optimal
resource dlocaion of the plants with resped to survival, attractivity to pollinators and
investment in seeds. The total amount of available resources of a plant is also geneticaly
determined, by alarge number of loci with deleterious recessive mutations. Due to the seledion
by the pollinators, a plant population beames adapted to its principal pollinator, which may
largely influence the (genetic) consequences of habitat fragmentation. Therefore, the plant-
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pollinator system was allowed to adapt to equilibrium before fragmentation was applied. Starting
with alarge plant population, having the optimal allocaion of resources for its principal
pollinator type, habitat fragmentation was simulated as a reduction in population size, an
increase in isolation or a shift in pollinator type. Initially, in the small remnant populations,
recessive deleterious all eles became exposed due to genetic drift and inbreeding, resulting in a
reduction in the amount of resources avail able. The allocaion pattern was fixed on the short time
scale of fragmentation and consequently investment in attradivity to pollinators was reduced in
plants carrying many deleterious all eles. Subsequent purging of the mutation load was more
efficient if the polli nators used a dedsion rule with high selectivity, thus reducing the impad of
genetic eosion. However, highly seledive pollinators induce plants to invest mainly in
attractivity, resulting in very low investment in survival and seed production. This low
investment in survival and sead production makes a plant population more vulnerable to
demographic and environmental stochasticity, thus sledive pollinators induced a high
ewlogicd vulnerability. The combination of evolutionary arguments with an analysis of the
short-term genetic consequences of fragmentation showed that a high ealogical vulnerability
and a low genetic vulnerability are simultaneously induced by the same highly selective
pollinator type.

Concluding remarks

The experiments were performed in The Netherlands, where syrphids were the main
pollinators of S columbaria. Syrphids transported most pollen over intermediate distances, while
butterflies dispersed pollen over much longer distances. Infrequent yeas with large numbers of
butterflies may result in an increase in long distance pollen flow, with profound effeds on
genetic differentiation. In France, the presence of D. argentata will decrease the genetic
differentiation between populations of S. columbaria, becaise this ecialist beespedes caried
pollen with a more diverse paternity and over larger distances than did Dutch syrphid flies.

A large variation was observed both in time and space Insect abundances and estimates
of pollen dispersal varied between days, yeas, fields and populations, which complicated the
detection of general effeds of fragmentation. However, the presence of variation is an inherent
fedure of emlogical systems. Experiments without replicaion will easily arrive & conclusions,
which are not representative for the natural situation. Therefore, experiments should not be
designed to exclude all variation and arrive & a single value, but should be repeaed several
times to estimate the mean and variation in parameter values. Only by careful validation and the
use of multiple replicates, reliable estimates can be obtained for many emlogical parameters.
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The net effect of a corridor depends on the balance between opposing forces. Pollen
dispersal to the other patch may increase due to gudance of inseds. On the other hand, pollen
dispersal may deaease if inseds are deterred by the corridor, if the inseds remain in the crridor
or if too many pollen grains get lost within the crridor. Additionally, seed set may be reduced if
the presence of the crridor results in heterospecific pollen deposition. In order to separate these
different aspeds, threetypes of corridors were used: S. columbaria female heads (guidance and
pollen losg, S columbaria male heads (guidance) and Aster/Origanum (heterospedfic pollen
deposition, pollen loss, and guidance?). A corridor with S. columbaria flowers tended to increase
pollen flow, while aheterospecific corridor tended to reduce pollen dispersal. For natural
habitats, much longer and wider corridors are needed to conned populations and these arridors
will consist of many different plant species. It may be expected that inseds will frequently
remain within such corridors, without ever reading the other population and that pollen lossesin
the aorridor will increase. Positive guidance eff eds of corridors on gene flow by pollen wil |
regularly be negated by the increase in heterospecific pollen deposition and the increased
residencetime of inseds within the corridor, resulting in increased pollen losses. Corridors
between netural plant populations are presumably more effedive by increasing habitat size than
by increasing pollen-mediated gene flow.

The scale of the experiments was necessarily small, with much smaller distances between
experimental patches than between natural populations. Nevertheless even a distance of 25m
already severely reduced pollen flow between patches, deposition in the emasculated receptor
patch was only 25% of that in the source patch. As S. columbaria is lf-compatible, such
reduction in pollen deposition wil | not occur in (non-emasculated) natural populations and in
those populations sed production will rarely be limited by pollen avail ability. However, an
ealier study showed that a high frequency of intra-patch pollination might reduce seed quality
due to inbreeding. A reduction in pollen flow may therefore result in lower population viability.
Although bumblebees and syrphid flies, the main pollinatorsin The Netherlands, can fly long
distances, transport of pollen over distances larger than 100m was rarely observed. Insed
behaviour results in a leptokurtic distribution of pollen dispersal distances, implying that
populations sparated by larger distances are effedively isolated from each other. Consequently,
the present distances between Dutch populations of S. columbaria (> 850m) are too large to
allow gene flow by pollen and the populations can not easily be cnneded by the aeaion of
corridors, making them potentially vulnerable to genetic erosion.
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Samenvatting

Habitatfragmentatie, toevalsprocessen en genetische uitwisseling

In de afgelopen decennia hebben menselijke adiviteiten geleid tot het verdwijnen van
veel natuurlijke habitats (leefgebieden) en het versnipperen van de overgebleven gebieden. In die
resterende gebieden komen voora kleine populaties voor, die kwetsbaader zijn voor dlerlei
toevalsprocessen dan grote populaties (hoofdstuk 1). Een toevallige periode met slecht wee
bijvoorbeeld kan ineens het einde van een kleine populatie betekenen, terwijl van een grote
groep meestal wel een paa individuen overleven. Bovendien kan in een kleine groep puu door
toeval het aantal nakomelingen in een bepadd jaa gering zijn, waadoor de groep nog kleiner
wordt. Dergelij ke omgevings- en demografische variatie is een bekend fenomeen in kleine
populaties.

Daanaast hebben genetische toevalsprocessen zoals genetische drift een veel grotere
invloed in kleine populaties dan in grote. Doordat per generatie maa een beperkt deel van de
aawezige varianten van een erfelijke eigenschap wordt doorgegeven, kunnen door toeval
sommige varianten niet doargegeven worden en verloren gaan. Als zo' n variant gunstig was,
heeft dat nadelige gevolgen voor de overblijvende populatie. Was de eigenschap ongunstig, dan
is het verdwijnen in eerste instantie positief. Maa ook eigenschappen die nu nadelig zijn,
kunnen in de toekomst waadevol blijken als de omstandigheden zich wijzigen. Een ander effed
van kleine populatiegrootte is dat langzamerhand ale individuen verwant aan elkaar worden, wat
kan leiden tot inteelt. Het gezamenlijke nadeli ge effect van genetische drift en een verhoogde
inteelt wordt genetische eosie genoemd.

Voor de bepaling van de invioed van toevalsprocessen is het erg belangrijk om te weten
hoe klein een populatie preciesis (hoofdstuk 1). De enst van de genetische gevolgen van
habitatfragmentatie hangt sterk af van de groctte van de overblijvende populatie. Vele fadoren
kunnen echter de dfedieve populatiegrootte beinvioeden, waadoor de invioed van
toevalsprocessen anders is dan verwacht mocht worden op basis van het aantal aanwezige
individuen in de populatie. Als bijvoorbeeld verschillende kleine populaties erfelijk materiaal
met elkaa uitwisselen, dan is de effedieve groctte van die populaties groter dan het aantal
individuen in de afzonderlijke populaties siggereat en zullen toeval sproceseen minder invioed
hebben. Dit proefschrift gaa over de gevolgen van habitatfragmentatie voor de genetische
uitwisseling tussen kleine populaties.
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Genetische uitwisseling via stuifmeel in door insecten bestoven planten

Plantenpopulaties kunnen genen uitwisslen via de verspreiding van zaden en stuifmeel.
Omdat zaden meestal maa kleine afstanden kunnen afleggen, kan de bijdrage van stuifmeel aan
de genetische uitwisseling relatief groot zijn. Toch komen ook de meeste stuifmedkorrels niet
ver: in het algemeen legt de meerderheid van de stuifmeelkorrels maar een heel kleine afstand af
en bereikt dechts een enkele stuifmeelkorrel een ver weg staande plant. Zo’'n steil dalende
verdeling wordt een leptokurtische verdeling genoemd (hoofdstuk 1). Hoe ver het stuifmed
precies verspreid wordt, hangt af van de manier waaop dat gebeurt. Stuifmeel kan op veel
manieren verspreid worden, onder andere door wind, water of dieren. Bij ved planten wordt het
stuifmeel meegenomen door bloembezoekende insecten om vervolgens weea achtergelaten te
worden op andere bloemen. Het gedrag van inseden heeft een grote invioed op het patroon van
stuifmeelverspreiding en de afstanden waaover stuifmeel getransporteed wordt. Het
insedengedrag hangt op zijn beurt wee af van het soort insed, de soort plant en de ruimtelijke
structuur van de plantenpopulatie.

Bij versnippering van natuurlijke habitats verandert over het algemeen niet alleen de
groctte van de plantenpopulatie, maa ook de dichtheid, de ruimtelijke verdeling van de planten
en de afstand tot andere populaties van dezelfde soort. De effeden van dergelijke veranderingen
in populatiestructuur op het gedrag van bestuivers en de gevolgen van die veranderingen voor de
uitwisseling van stuifmeel vormen het onderwerp van het hier beschreven onderzoek, waabij de
plantensoort Duifkruid (Scabiosa columbaria) als onderzoeksobject is gekozen.

Van bezoeker naar bestuiver van Duifkruid

Omdat de insedensoort van groat belang is voor de kwaliteit van de bestuiving, en voor
mogelijke veranderingen in bestuiving na fragmentatie van de populaties, werd east
geinventarisead welke soorten inseden Duifkruid bezoeken en hoe effedief ze 2jn voor de
bestuiving. In Nederland werd Duifkruid ved bezocht door zwedvliegen en hommels, en als ze
in een gebied aanwezig waren ook regelmatig door vlinders. Honingbijen en de specialistische
Pluimvoetbij (Dasypoda agentata) werden in Nederland niet, maa in Frankrijk hed veel, op
Duifkruid waagenomen. Voor de belangrijke groepen bezoekers werd de rangorde bepaald met
betrekking tot een aantal aspeden van de bestuiving van Duifkruid (hoofdstuk 2).

De vliegafstand tussen opeanvolgende bloembezoeken was alleen voor vlinders
regelmatig groter dan 10m, alle andere inseden vliogen vooral tussen rnaburige bloemhoofdjes.
Voor stuifmeeluitwisseling over langere afstanden waren vlinders daaom belangrijke bezoekers.
Vlinders hadden echter maa heel weinig stuifmeelkorrels bij zich en deponeaden daavan ook
maa een klein deel op vrouwelijke bloemhoofdjes. Zweefvliegen en hommels ontliepen elkaa
niet veel wat betreft hun bijdrage aan de bestuiving van Duifkruid. Beide groepen verspreidden
redelijk ved stuifmeel over intermediaire afstanden. Omdat zein grote aantallen voorkwamen en
met een behoorlijke snelheid oemen bezochten, waren dezetweegroepen heel belangrijk voor
de bestuiving van Nederlandse Duifkruidpopulaties. Vlinders, zweefvliegen en hommels
foerageaden op veel verschillende bloemsoorten en hadden sledchts een laag percentage
Duifkruid-stuifmeel bij zich. De bestuivingswaade van honingbijen was vergelijkbaar met die
van hommels en zweefvliegen, maa hun lading bestond vrijwel uitsluitend uit Duifkruid-
stuifmeel. Pluimvoetbijen bleken met afstand de beste bestuiverste 7jn, gezien de aliverheid
van hun lading en de hoevedheid stuifmeel die zeper tijdseenheid afzetten op vrouwelijke
bloemhoofdjes. Per bezoek bestoven Pluimvoetbijen slechts een fractie van de stempelsin een
bloemhoofdje, maa ze bezochten erg veel hoofdjes per minuut. Door die hoge bezoeksnelheid
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werden de bloemhoofdjes zo vadk bezocht dat in kortetijd toch all e stempels bestoven werden,
met bovendien een zea gevariead vaderschap van de zalen. Pluimvoetbijen viogen ook nog
eas redelijke afstanden, zodat de genetische uitwisseling in de (Franse) Duifkruidpopulaties
frequent was. In Nederland komt de Pluimvoetbij niet voor. Nederlandse Duifkruidpopulaties
waren daaom voor de kwantiteit en kwaliteit van hun bestuiving afhankelijk van meerdere
soorten bestuivers, die elk minder efficiént waren dan Pluimvoetbijen.

Onderzoek naar stuifmeelverspreiding

In een serie experimenten werden de gevolgen van habitatfragmentatie voor de
verspreiding van stuifmeel onderzocht. Om het relatieve belang van verschillende aspeden van
habitatfragmentatie te kunnen vergelijken werd in alle proeven gebruik gema&kt van dezelfde
standaad proefopstelling. Dezestandaadopstelling bestond ut een lijnvormige Duifkruid-
populatie in een weiland in Assen. De populatie werd gevormd door drie kleine, maa evengrote
groepjes planten (‘ patches’), die 25m uit elkaar lagen. De bestuiving geschiedde door de van
nature voorkomende insecten.

In ved proeven (behalve die met genetische merkers, zie verderop) functioneede de
middelste patch als donor van stuifmed. De tweebuitenste patches werden geémasculeerd en
functioneaden als receotor van stuifmeel. Emasculatie wil zeggen dat de meeldraden en
helmhokken, met daain het stuifmed, van alle bloemen verwijderd werden. Omdat er bij
Duifkruid voortdurend nieuwe helmhokken opengaan, werd het verwijderen elk half uur
herhaald. Een geémasculeerde receptor patch kon dus zelf geen stuifmed mee verspreiden,
zodat a het suifmeel dat daa werd gevonden uit de donor patch (de middelste patch) kwam.

Variatie tussen proefvelden, dagen en jaren is een inherente eigenschap van experimenten
onder (semi-)natuurlijke omstandigheden. Niet aleen kan het aantal insecten en hun
soortensamenstelling sterk variéren (hoofdstukken 3 en 5), extra variatie kan ook een gevolg zijn
van verschillen in de anwezigheid van andere bloeiende planten in de omgeving, van de
emasculatie-behandeling en van individuele variatie tussen bestuivers in stuifmedlading en
foerageageschiedenis. Daaom werd ook variatie in stuifmeelverspreiding verwacht (zie ook de
discussie bij hoofdstukken 3 en 4). Om ondanks de grote variatie toch conclusies te kunnen
trekken over de gevolgen van fragmentatie voor de bestuiving werden all e experimenten een
aantal keren herhadd van augustus tot begin oktober, en werden de resultaten gecombinead.
Hoewel de variatie groot was en het aantal herhalingen beperkt, konden toch een aantal
duidelijke mnclusies worden gevonden (zie onder de betreff ende experimenten).

Het meten van genetische uitwisseling via stuifmeel

Er bestaan verschillende methoden om de hoeveelheid stuifmeeluitwisseling tussen
populaties te schatten. Ze variéren van het volgen van bloembezoekende inseden, via de
verspreiding van fluorescerend poeder (een veelgebruikt analoog van stuifmed) tot het bepalen
van de verspreiding van zeldzame genetische kenmerken. Omdat elke methode voor- en radelen
heeft, werd east in de standaad proefopstelling met Duifkruid onderzocht in hoeverre de
resultaten van een aantal van dezetednieken overeenkwamen.

Op vijf dagen, verspreid over augustus en september, werd tegelijkertijd de verspreiding
van stuifmedkorrels, fluorescerend poeder en genetische merkers gevolgd (hoofdstuk 3). Het
volgen van inseden was in deze proef niet goed mogelijk, omdat het terugzien van gemerkte
zweefvliegen, die heel belangrijk waren in ons systeem, vrijwel geen succes had. Voor het
volgen van de verspreiding van genetische merkers werd eest van alle planten onderzocht welke
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variant ze bezaen van een bepaald enzym (een eiwit dat een specifieke dniemische readie
bevordert in de cel). In de proef bestond elke patch uit planten met een andere variant.
Vervolgens werd in de zalen onderzocht welke varianten van het enzym aanwezig waren. Uit de
in het zaal aanwezige genetische varianten werd afgeleid in welke patch de vaderplant had
gestaan en dus hoe ver het stuifmed verspreid was. Tegelijkertijd kreeg elke patch een andere
Kleur fluorescerend poeder, aangebracht op de helmhokken. Na de proef werd onder een
fluorescentie-microscoop gekeken welke kleuren poeder in welke hoeveelheden op de ssempels
gedeponeead waren, waaulit het patroon van poederverspreiding bepaald werd.

Er was een grote variatie in transport van genetische merkers, poeder en stuifmeelkorrels
tussen proefvelden en tussen dagen, maa als de resultaten van alle dagen gecombinead werden
bleken de verspreidingspatronen van stuifmeelkorrels, fluorescerend poeder en genetische
merkers vrijwel identiek. Het transport van stuifmeelkorrels werd editer bepaald in
geémasculeeade patches, waain binnenkomend stuifmed geen concurrentie van stuifmeel uit de
eigen patch ondervond. Hierdoor lagen schattingen van de genetische uitwisseling over een
bepadde afstand wat hoger indien ze gebaseerd waren op stuifmeeltellingen ten opzichte van
schattingen die gebaseed waren op fluorescerend poeder of genetische merkers (hoofdstukken 3
en 4). Voor onze perimenten waren dergelijke kwantitatieve verschil len niet belangrijk, omdat
stedds het stuifmeeltransport naa de receptor patch op 25m (controle patch) werd vergeleken
met dat naa de andere receptor patch, die e@ behandeling kreay. Hiervoor was de relatieve
hoevedheid stuifmeelverspreiding belangrijk en zo’n kwalitatieve meting kon met alle drie
methoden gedaan worden, omdat de vorm van de verspreidingscurve hetzelfde was. Aangezien
het bepalen van de verspreiding van fluorescerend poeder en genetische merkers relatief veel tijd
(en voor de genetische merkers geld) kostte, werd er voor de meeste proeven gekozen voor het
tellen van stuifmeelkorrels in receotor patches met geémasculeade planten. Bij Duifkruid kan
dat relatief gemakkelijk gedaan worden, want de stuifmedkorrels zijn zo groat (50-70 um) dat ze
met een loep (20x) goed te 2en waren. Een extra voorded van stuifmed tellingen is dat het
verloop van de proef gedurende de dag gevolgd kon worden en de resultaten dired aan het eind
van de dag bekend waren, zodat eventueel volgende proeven nog hijgesteld konden worden.

Bestuiving in gefragmenteerde habitats

Bij fragmentatie nemen de afstanden tussen populaties toe en regelmatig zullen er all erlei
hindernissen voorkomen tussen de overblijvende populaties. Beide kunren een belemmering
vormen voor bloembezoekende inseden en de uitwisseling van stuifmeel tussen populaties
beperken. Deze apeden van fragmentatie werden in aparte experimenten onderzocht. Hiervoor
werd de dstand van de receptor patch tot de donor patch vergroot tot maximad 200m of werd er
ean camouflagenet als hindernis tussen de donor- en receptor patch geplaast (hoofdstuk 4). De
laaste jaren wordt veel gesproken over het aanleggen van verbindingszones, zogenaamde
corridors, tussen fragmenten netuurgebied. Om te onderzoeken of corridors daadwerkelijk
effedief kunnen zijn voor het bevorderen van stuifmeduitwisseling werd tussen de donor patch
en de receptor patch een lijn van bloeiende bloemen geplaast (hoofdstuk 5). Tot slot werd in een
theoretische studie geprobeerd om inzicht te krijgen in mogeli jke (genetische) gevolgen van een
verschuiving in de insectensamenstelling als gevolg van habitatfragmentatie.
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Isolatie doar afstand

Isolatie door afstand leidde tot een sterke verlaging van het stuifmeeltransport. Al op 25m
afstand werd in een patch met geémasculeade planten nog maa een kwart van de hoeveelheid
stuifmeel gevonden ten opzichte van de donor patch. Op 200m afstand werd nauweli jks
stuifmeel aangetroffen (hoofdstuk 4). Transport van fluorescerend poeder en genetische merkers
daalde zlfs derker met afstand dan de verspreiding van stuifmeelkorrels, daavan werd nog
maa 10% gedeponead in een patch op 25m van de donor patch (hoofdstukken 3 en 4).
Schattingen van de hoeveelheid genetische uitwissling op basis van stuifmeeltellingen leidden
dustot een overschatting van de werkelijke uitwisling van genetische varianten. De
zaalproduktie liet ook een sterke daling zien met toenemende afstand tot de donor patch, hoewel
minder scherp dan de daling van het aantal stuifmeelkorrels. Dat werd mogelijk veroorzast door
de hoge stuifmeeldepositie per stempel in de proeven, terwijl vier stuifmeelkorrels per stempel al
voldoende zijn voor maximale zaadproduktie en meer stuifmed geen extra zalen opleverde
(hoofdstuk 3).

Barriéresen corridors

Een camouflagenet is gebruikt om de werking van barrieres na te bootsen. Door het net
was de aditerliggende patch niet mee zichtbaa. Ondanks meeadere herhalingen was de variatie
in stuifmeduitwisseling tussen proefvelden, dagen en jaren te groot om een eenduidige aonclusie
te kunren trekken (hoofdstuk 4). Hoewel de resultaten soms zelfs tegenstrijdig waren, was het
camouflagenet echter duidelijk geen hindernis voor het transport van stuifmed. Dit lad zien dat
objeden die door mensen als hindernis ervaren worden, dat niet hoeven te zjn voor bestuivers
en dat men dus erg voorzichtig moet zijn met uitspraken over potenti€le barriéres.

Er wordt veel gesproken over de aaleg van verbindingszones om de uitwissling te
bevorderen tussen kleine natuurgebieden. Voor een aantal dieren is bekend dat corridors migratie
mogelijk maken, maa over de dfediviteit met betrekking tot planten is weinig bekend. Als de
verspreiding van stuifmeel afhangt van bestuivers zal de soortensamenstelli ng van de bloemen in
de orridor erg belangrijk zijn, net als mogelijkerwijs hun ruimtelijke verdeling in de @rridor. In
ea serie experimenten werden de ruimtelijke verdeling en de soorten bloemen in de @rridor
gevariead en hun effeden op de stuifmeeluitwisseling bepaald (hoofdstuk 5).

De soort bloemen in de wrridor had effed op zowel het gedrag van de inseden alsop de
verspreiding van stuifmeel. Een corridor met vrouwelijke Duifkruid-bloemhoofdjes leidde tot
ea groot verlies van stuifmeel op de bloemen in de corridor. Desondanks was er een tendens tot
grotere suifmeeldepositie in de patch, die door de corridor met de donor patch verbonden was,
ten opzicht van de mntrole patch. Geleiding van inseden langs de @rridor naa de andere patch
was blijkbaa belangrijker dan het verlies aan stuifmed in de corridor.
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In een corridor met Duifkruid viogen inseden kleinere afstanden tussen opeawolgende
bloembezoeken dan in een corridor met aster. Met grotere vliegafstanden in een aster-corridor
werden er minder bloemen bezocht voordat de andere patch bereikt isen zou het verlies aan
stuifmeel in de crridor lager moeten zijn, waadoor er mee stuifmeel overblij ft om te
deponeren in de receotor patch. Toch was er een trend naar verlaagyde stuifmeddepositie in de
patch die door een aster-corridor verbonden is met de donor patch. Mogelijk werden ved
inseden afgeschrikt door de andere bloemsoort in de @rridor en waren er daarom minder
inseden die de overtocht volbrengen. Een niet onbelangrijk neveneffect van een aster-corridor
was de grote hoeveelheid aster-stuifmeel die in de Duifkruid-patch aankwam. Dit soortvreemde
stuifmeel uit de arridor kan de zaaproduktie van Duifkruid negatief beinvioeden. De
vergpreiding van stuifmeel hing in dezeexperimenten, met een gering aantal herhalingen per
variant, niet af van de ruimtelijke verdeling.

Invioed van kestuiver-plant interacties

Verschillende soorten bestuivers reageren verschillend op fragmentatie van de
plantenpopulatie. Drie aveefvliegsoorten bijvoorbeeld, hadden verschillende vliegafstanden in
dezlfde oorridor. Hierdoor za ook de hoeveelheid Duifkruidstuifmeel en soortvreemd
stuifmeel, die ankomt in de patch aan de andere kant van een corridor, veranderen (hoofdstuk
5). Naast zulke variatie in readie, zullen ook regelmatig insedensoorten verdwijnen, waadoor
de soortensamenstelling veranderd als een plantenpopulatie gefragmenteed raskt. Dergelijke
veranderingen zijn echter moeilijk experimenteel te onderzoeken en werden daaom in een
computersimulatie bestudeed (hoofdstuk 6).

In de simulatie had een plant erfeli jke eigenschappen voor de investering van energie in
‘attradiviteit’ voor bestuivers, investering in overleving en investering in zaadproduktie.
Bovendien had een plant een hele groep genen die gezamenlijk het totad aan beschikbare
energie bepaalden. Van elk gen waren 2 varianten aanwezig, een normale en een variant voor
lagere energie. Dezelaaste, nadelige, variant was recessief, dat wil zeggen dat zo’'n variant pas
tot een lagere energie-beschikbaarheid leidt als hij met eenzefde type als hijzdf gecombineed
wordt en niet in combinatie met een normale variant. Genetische eosie van dezegroep genen
leidde tot een toename van het aantal ‘dubbel’ ongunstige varianten en dus een lagere
beschikbaaheid van energie. De bestuivers werden abstrad nagebootst door een
‘beslisangsregel’ op grond waavan ze kozen welke plant als volgende bezocht zou worden. Als
basis voor de keuzefunctioneerde de dtractiviteit van de plant; bestuivers konden meea of
minder onderscheid maken tussen planten met verschillende atractiviteiten. Daamee bepadde
de beslisangsregel het patroon van stuifmeelverspreiding en ook de optimale verdeling van
energie over attractiviteit, overleving en zaalproduktie. Op evolutionaire tijdschaal zal een
plantenpopulatie angepast raken aan de belangrijkste bestuivers en dat zal invioed hebben op de
te verwadten gevolgen van habitatfragmentatie. Daaom kreeg elke mmbinatie van plant en
bestuiver east de gelegenheid om aan elkaa aangepast te raken, voordat fragmentatie werd

toegepast.
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Voor deze alaptatie werd begonnen met een grote populatie, waain de optimale
verdeling van energie over attractiviteit, zaalproduktie en overleving werd bepaald, afhankelijk
van de selediviteit van de anwezge bestuivers. Eenmaal aangepast werd de plantenpopulatie
onderworpen aan habitatfragmentatie, die gemodelleerd werd als een verkleining van de
populatiegrootte, een toename van de isolatie of een verschuiving naa een ander bestuiverstype.
Kort nafragmentatie leidden genetische drift en inteelt tot vele individuen met een groot aantal
dubbele nadelige varianten, die minder energie beschikbaa hebben. Omdat op de korte
tijdschad waarop fragmentatie belangrijk is, geen adaptatie mogelijk is van de energie-verdeling,
hadden dezeplanten ook een lage dtradiviteit voor bestuivers. Al snel steeg de beschikbaaheid
van energie wea, als gevolg van het verdwijnen van de individuen met veel nadelige varianten
door seledie (‘purging’). Dit uitselecteren van nadelige varianten ging het snelst als de
bestuivers gerk seledeaden op de attractiviteit van de planten. Naast dit positieve eff ect met
betrekking tot genetische gosie, zorgden dezeseledieve bestuivers voor een erg scheve optimale
verdeling van energie. Als de bestuivers gerk seledeaden, gingen de planten wrijwel alle
energie investeren in attractiviteit en bleef er slechts weinig energie over voor overleving en
zaalproduktie. Daadoor werden de planten kwetsbaa voor toevalsvariatie in
voortplantingsaucces en voor omgevings- en weea'sinvloeden (‘ewlogische’ kwetsbaaheid). De
combinatie van evolutionaire agumenten met een analyse van de genetische effeden van
fragmentatie op de kortetermijn liet zien dat een hoge eologische kwetsbaaheid en een lage
genetische kwetsbaarheid beide tegelij k konden ontstaan als gevolg van hetzelfde (seledieve)
type bestuiver.

Ter afsluiting

De experimenten zijn gedaan in Nederland, waa zweefvliegen de belangrijkste
bestuivers van Duifkruid zijn. Zwedvliegen transporteren stuifmeel over intermediaire
afstanden, terwijl vlinders veel grotere dstanden overbruggen. Als er af en toe een jaar iswaain
er veel vlinders zijn, wordt er veel mea stuifmeel over grote afstanden uitgewisseld dan in de
experimenten gemeten is. Zo'nrelatief bijzonder jaa kan grote gevolgen hebben voor de
genetische differentiatie tussen populaties. In Frankrijk zal de genetische differentiatie tussen
Duifkruidpopulaties lager zijn dan in Nederland, omdat daa de Pluimvoetbij voorkomt. Deze
gespecialiseede bijensoort transporteat suifmed van veel mee verschil lende vaderplanten en
over grotere afstanden dan de Nederlandse aveefvliegen.

Er treedt vadk veel variatie in ruimte en tijd op in dit type experimenten, wat het soms
moeili jk maakte om algemene cnclusies te trekken uit de resultaten. Aantallen en soorten
inseden en de uitwisseling van stuifmed vertoonden allemad ved variatie tussen dagen en jaren
en ook tussen proefvelden en netuurlijke populaties. Variatie is echter een onvermijdelijke
eigenschap van emlogische systemen. Experimenten zonder herhalingen lopen een grote kans
om een niet-representatief resultaa te vinden. De opzet van experimenten moet er daaom ook
niet op gericht zijn om variatie uit te bannen en een enkel getal als antwoord te geven, maar juist
om de variatie in kaat te brengen. Alleen met een goede ijking van methoden en het gebruik van
voldoende herhalingen ontstaa inzicht in de variatie en kan er een betrouwbaa beeld gekregen
worden van veel emlogische parameters.
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Het netto effed van een corridor hangt af van de balans tussen een aantal tegenstrijdige
effeden. Enerzijds kan de stuifmeduitwisseling tussen patches toenemen doordat inseden langs
de oorridor naa de andere patch geleid worden. Anderzijds kunnen insecten ook juist afgeschrikt
worden door een corridor, of juist blijven foerageren in de corridor in plags van door te vliegen
naa de andere patch. Ook kan er in een corridor veel Duifkruidstuifmed achterblijven en er kan
soortvreemd stuifmed worden meegenomen wat vervolgens afgeze wordt in de volgende patch.
In de experimenten is gekozen voor een proefopze waain een aantal van dezeeffeden konden
worden onderscheiden. Een Duifkruid-corridor resulteerde in een licht verhoogde stuifmed-
uitwisseling, terwijl een aster-corridor leidde tot een lager stuifmeeltransport. Om verbindingen
tusen natuurlijke populaties te kunnen maken zijn echter veel langere en lredere corridors
nodig, met meer planten(soorten), dan hier gebruikt. Het mag verwacht worden dat insecten
relatief vaker zullen blijven foerageren in dergelijke grote en gevarieerde arridors in plaats van
door te vliegen en dat minder stuifmed de andere populatie zal bereiken. Positieve geleidings-
effeden op de suifmeduitwisseling zullen regelmatig teniet gedaan worden doar de toename
van negatieve effecten zoals guifmeelverliesin de corridor en de depositie van soortvreemd
stuifmeel. Positieve eff ecten van corridors tussen ratuurlijke plantenpopulaties zijn
waaschijnlijk eeder te verwadten in de vorm van vergroting van het leefgebied dan in de vorm
van verhoogde (genetische) uitwisseling.

De experimenten vonden plaas op een veel kleinere schaal dan fragmentatie van
natuurlij ke habitats. Toch bleek dat ook een geringe afstand van 25m al resulteerde in een sterk
verminderde stuifmeeluitwisseling tussen patches. In de proeven met geémasculeade patches
leidde dat tot een afname van de zaaproduktie. Omdat Duifkruid zelfbestuivend is, zal de
zaaproduktie in netuurlij ke populaties niet gauw verminderen door een tekort aan stuifmed,
want daa is veel lokaal stuifmed uit de eigen populatie beschikbaa. Echter, een vermindering
van de stuifmeduitwisseling kan wel de zaakwaliteit beinvioeden en daameede
levensvatbaarheid van de populatie op de lange termijn. Uit eader onderzoek is namelijk
gebleken dat de zalen van tussen-populatie-kruisingen een hogere overleving en voortplanting
hebben dan zaden van binnen-populatie-kruisingen of zaden van zelfbestuiving. Uit de gevonden
sterke d&name van de stuifmeeluitwisseling met toename van de afstand, blijkt dat hommels en
zweefvliegen, de belangrijkste bestuivers van Duifkruid in Nederland, grotere dstanden niet
va& overbruggen, hoewel ze het wel kunnen. Het meeste stuifmed verspreidden ze binnen
100m van de bron. De leptokurtische verdeling van verspreidings-afstanden impliceet dat er
geen stuifmeel uitgewisseld wordt tussen populaties die door grotere dstanden van elkaa
gescheiden zijn. Ook met corridors zullen grotere afstanden waaschijnlijk niet effedief
overbrugdworden door stuifmed. Dat wil zeggen dat de Nederlandse Duifkruidpopulaties, die
nu mea dan 850m van elkaa verwijderd zijn, te ver uit elkaa liggen om op een retuurlijke
manier genetische informatie uit te kunnen wisselen.
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