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Chapter 1

HABITAT FRAGMENTATION
Human activities generally have a large impact on the earth’s ecosystems. Intensive land
use and land reclamation, as well as habitat deterioration due to eutrophication and
acidiﬁcation, have aﬀected large areas that had previously been occupied by natural habitat.
The remaining natural populations in these habitats are generally surrounded by farmland
or otherwise developed land that is mostly unsuitable for colonization by the native species.
Studies have regularly reported on situations where more than 90% of the native habitat
had disappeared (Saunders et al. 1991, Soons et al. 2005). This process is called habitat
fragmentation. Although populations may become fragmented as a result of natural
processes of environmental change, anthropogenic habitat fragmentation is much faster, so
populations do not get enough time to adapt to changing conditions (Saunders et al. 1991).
Habitat fragmentation has two important consequences: the remaining populations are
reduced in size, and the distances between the remaining populations increase, hampering
dispersal between habitat patches. This is especially aﬀecting long-lived sessile species such
as plants with limited and periodic dispersal.
In view of these substantial eﬀects habitat fragmentation has been recognized as
one of the major threats to plant population persistence. These include negative eﬀects
due to lower plant densities within populations (demographic risks; Allee eﬀect, Groom
1998), but also eﬀects due to a lack of connectivity between populations and both result in
reduced exchange of genetic material within and between populations. At the same time,
such populations also have a smaller chance to colonize other new and suitable habitat
sites (Soons et al. 2005). This has particularly been found for wind-dispersing species, for
which a reduction in population size was followed by a reduction in colonizing capacity
(Soons and Heil 2002). Habitat fragmentation also aﬀects demographic parameters of
plant populations, such as population growth rates. These eﬀects may, however, be speciesdependent and can vary over time (Jongejans and De Kroon 2005). Reproductive success
and oﬀspring survival, for example, were found to be reduced in small populations of the
long-lived species Phyteum spicatum (Kolb 2005). These results show that the eﬀects of
habitat fragmentation occur at both local (demographic eﬀects, inbreeding) and regional
(dispersal, gene ﬂow) level.
Smaller and more isolated populations are threatened by a greater risk of extinction,
due to the increased impact of environmental, demographic and genetic stochasticity (Shaﬀer
1987). Although research has suggested that these processes do not act independently
(Gilpin and Soulé 1986, Mills and Smouse 1994, Vergeer et al. 2003b) the population
genetic eﬀects of habitat fragmentation, such as genetic drift, inbreeding and reduced
interpopulation gene ﬂow, are assumed to be of signiﬁcant inﬂuence in small and isolated
populations (Ellstrand and Elam 1993, Young et al. 1996, Booy et al. 2000, Spielman et
al. 2004). They cause a reduction in the levels of genetic variation and reduce ﬁtness in the
oﬀspring, thereby reducing the potential to adapt to and persist in changing environments.
Reduced population size and increased isolation will aﬀect the genetics of populations
via two distinct processes. Population size eﬀects result from the increased importance
of genetic drift and of inbreeding which decreases the proportion of heterozygotes in
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small populations. If populations did also become isolated interpopulation gene ﬂow
will be hampered reducing the possibility of genetic rescue and increasing population
diﬀerentiation through mutation, drift and selection. Thus, due to habitat fragmentation
regional population structures may be altered and ﬁtness and genetic variation may be
reduced. The genetic eﬀects are summarized in Figure 1. The two eﬀects investigated in this
thesis (inbreeding and gene ﬂow) are shown in bold.

Habitat fragmentation

Small

Populations

Genetic effects

Result in

Consequence

Inbreeding

Reduced
fitness

Isolated

Genetic drift

Loss of
genetic variation
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Gene flow
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Figure 1 Schematic representation of the population genetic eﬀects, results and potential consequence
of habitat fragmentation:
= direct eﬀect;
= indirect eﬀect

The following paragraphs describe the genetic eﬀects of habitat fragmentation in more
detail.
GENETIC DRIFT
Genetic drift is the random change in allele frequencies from one generation to the next,
caused by gametic sampling error. It may eventually lead to the loss of particular alleles and
the ﬁ xation of others. As genetic drift occurs independently in each population, traits of
species randomly diﬀer between populations, and the change will remain unpredictable.
In addition, the variation in particular traits will be reduced within populations (Hartl
and Clark 1989). Fixation of alleles increases the level of homozygotic individuals in a
population, reduces the level of genetic variability, and the ﬁ xation of new deleterious
mutations will negatively aﬀect the ﬁtness of the oﬀspring (Byers and Waller 1999).
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As the magnitude of genetic drift is inversely related to the (eﬀective) population
size, the stochastic eﬀects of genetic drift are greater in smaller populations. Populations of
species with large interpopulation gene ﬂow, will experience less impact of genetic drift than
populations of species with less gene ﬂow (Hutchison and Templeton 1999). Therefore, highly
mobile species are more likely to lack a signiﬁcant population structure. On the other hand,
interpopulation gene ﬂow will be reduced when distances become too large to be bridged by
seeds or pollen, as is the case when habitats become more fragmented. In the absence of gene
ﬂow, populations will exhibit faster genetic divergence due to genetic drift (Hutchison and
Templeton 1999). As a result, populations at regional scale may show a signiﬁcant population
structure.
Habitat fragmentation has led to smaller populations, but the degree to which
genetic drift and gene ﬂow between populations have been aﬀected is not precisely known.
Fragmentation can be expected to result in an increase of the impact of genetic drift and,
consequently, in population diﬀerentiation of small, isolated populations. The impact of
habitat fragmentation, however, will ultimately depend on the interplay of several factors:
eﬀective population sizes, mating system, landscape structure, dispersal capacity and longevity
of the species.
INBREEDING AND INBREEDING DEPRESSION
Inbreeding refers to mating between relatives (Falconer and Mackay 1996). When spatial changes
to the landscape due to habitat fragmentation reduces the number of unrelated individuals,
the consequence is an increase in the level of biparental inbreeding (the mating between close
relatives) or inbreeding by genetically identical individuals (after clonal propagation). Such
processes amplify the scope of inbreeding in fragmented, wild populations.
The genetic consequence of inbreeding is an increased frequency of homozygotic individuals
within a population. Levels of inbreeding in natural populations can be computed in terms
of the inbreeding coeﬃcient (FIS ) as a function of the relationship between expected (Hexp)
heterozygosity (or gene diversity) and observed heterozygosity (Hobs):
FIS = (Hexp – Hobs) / Hexp
The relationship shows that a lower level of observed heterozygosity as a result of inbreeding,
increases the FIS value. However, the inbreeding coeﬃcient can also be aﬀected by the Wahlund
eﬀect, which can be caused by an unknown subpopulation structure within the sampled
population reducing the expected heterozygosity (Murren 2003 and references therein). Such
spatial genetic structure was found particularly in small populations (Ingvarsson and Giles
1999).
The relationship between the inbreeding coeﬃcient and the eﬀective population size (Ne) was
given by Falconer (1981) as:
∆FIS = ½ Ne
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showing that small populations do indeed have a greater potential for inbreeding than
larger populations. Isolation aggravates this eﬀect because the absence of interpopulation
gene ﬂow prevents the migration of non-relatives into the population.
The negative consequence of increased homozygosity is the expression of deleterious
recessive alleles, which in turn reduces individual ﬁtness (Keller and Waller 2002).
Inbreeding increases the potential for selection to purge such deleterious recessive alleles.
Further inbreeding then causes little or no reduction in ﬁtness (Keller and Waller 2002). The
reduced ﬁtness of the selfed progeny (self) compared to that of outcross progeny (outcross)
is known as inbreeding depression (δ ):

δ = 1-self/outcross
(Lande and Schemske 1985). The genetic basis of inbreeding depression has been explained
by two contrasting hypotheses. Inbreeding depression can be caused by ﬁ xation of recessive
deleterious alleles, as claimed in the partial dominance theory (Wright 1978), or by a
decrease in heterozygotic individuals being superior in a certain trait, as claimed by the
overdominance theory (Charlesworth and Charlesworth 1987). Although assessing the
magnitude and timing of inbreeding depression is controversial (Husband and Schemske
1996), the majority of studies so far have supported the partial dominance theory as the
main genetic basis of inbreeding depression (Johnston and Schoen 1994, Charlesworth and
Charlesworth 1999).
According to the partial dominance theory, the severity of inbreeding depression is
expected to be reduced in populations that have regularly inbred in the past (Frankham
et al. 2002), as might be the case in small and isolated populations. Populations may then
have purge their genetic load through selection, thereby improving the mean population
ﬁtness (Ellstrand and Elam 1993, Booy et al. 2000). However, the eﬃciency and extent of
purging depends on the environment and can be quite limited (Keller and Waller 2002).
Within the setting of fragmented populations, for example, population size probably has
not been reduced long enough for selection to proceed eﬃciently.
Besides population size, the degree of inbreeding depression also depends on other
facets, such as the mating system: selﬁng plant species usually suﬀer less inbreeding
depression than outcrossing species (Barrett and Harder 1996). The expression of inbreeding
depression may also vary during lifecycle stages: selﬁng species typically express inbreeding
depression in later stages, whereas outcrossing species commonly exhibit inbreeding
depression in earlier stages, and the timing of inbreeding depression is not fully predictable
in species with a mixed mating system (Husband and Schemske 1996).
The relationship between inbreeding and reduced ﬁtness has been thoroughly
investigated (Van Treuren et al. 1993b, Ouborg et al. 1994, Oostermeijer et al. 1994,
Franckham 1996, Bijlsma et al. 1999, but also numerous studies of mating system evolution).
More recently, there is growing evidence that the eﬀects of inbreeding increase the risk
of extinction (Bijlsma et al. 2000, Reed et al. 2002). The practical impact of inbreeding
depression on ﬁtness in relation to habitat fragmentation is not yet fully clear. In general,
inbreeding depression may act on every possible trait. In fragmented, isolated populations,
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an important factor aﬀecting plant population persistence may be long-distance seed
dispersal. Brown and Kodrik-Brown (1977) described what they called the ‘rescue eﬀect’,
whereby dispersal results in gene ﬂow that counterbalances the eﬀects of inbreeding
and genetic drift (genetic erosion) by increasing the level of genetic variation within a
population. However, the possibility of genetic rescue will be reduced when traits involved
in long-distance seed dispersal, or variation in these traits, will be part of this genetic
erosion process that follows habitat fragmentation. This view is supported by the results of
a study by Donohue (1998), indicating that inbreeding may inﬂuence the dispersal ability
of particular species by changing seed or plant morphology of inbred oﬀspring. Moreover,
habitat fragmentation may alter the dispersal ability of species through increased selection
against dispersal potential (Cody and Overton 1996). In an isolated population, whether
large or small, highly dispersed seeds are lost to an inhospitable environment indicating
that selection within populations will favour individuals with low dispersal potential
(Cody and Overton 1996). This idea was developed earlier by a model by Olivieri et al.
(1995) predicting a change in dispersal potential of plant populations during succession in
a metapopulation context. However, conclusive proof whether dispersal has been subject
of evolutionary changes, is missing. A recent study of Donohue et al. (2005) has suggested
that the expression of genetic variation for dispersal would be reduced if dispersal results
in lower post-dispersal densities. Still the question remains unsolved, which particular
dispersal related trait will be subject of inbreeding and to what extent selection in natural
systems aﬀects the dispersal ability of fragmented populations.
Research has shown that inbreeding reduces ﬁtness in diﬀerent environments (Dudas
1990, Henry et al. 2003) or under stressful conditions (Hauser and Loeschke, Dahlgaard
and Hoﬀmann 2000, Bijlsma et al. 2000). Habitat fragmentation in the Netherlands is
often combined with habitat deterioration, leading to a stressful environment that may
reduce plant performance (Vergeer et al. 2003b). Both factors, increased inbreeding and
stressful conditions, may then act in concert to reduce plant performance. It is, however,
not very clear to what extent these two factors reinforce each other.
Lastly, habitat fragmentation not always leads to reduced ﬁtness from inbreeding.
Isolation of populations, for example, may favour local adaptation, which is the process of
adaptive genetic diﬀerentiation among populations occurring in diﬀerent environments.
Local adaptation can be caused by various factors that can act in concert, such as speciﬁc
population selection pressures or restricted eﬀective gene ﬂow due to isolation (Huﬀord and
Mazer 2003). As a result, plants often adapt to local environmental conditions (Galloway
and Fenster 2000), and populations tend to be less well adapted to sites other than their
home sites (Montalvo and Ellstrand 2000). Within a fragmented landscape, populations
may adapt to their speciﬁc sites, which compromises the possible success of gene ﬂow
between populations or the colonisation capacity in new sites. Restoration plans often
imply the translocation of individuals from native sites to new or restored sites (Huﬀord
and Mazer 2003), and this can be seriously aﬀected if local adaptation is an important
process.
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GENE FLOW
The negative eﬀects of inbreeding and genetic drift in small and isolated populations can
be counterbalanced by interpopulation gene ﬂow, i.e., the exchange of genetic material
between populations, facilitated by pollen and seed dispersal (Ouborg et al. 1999). Both
of these means of dispersal contribute to the gene pool by bringing new genetic material
into a population, thereby increasing the level of genetic variation (Ellstrand and Elam
1993). There are, however, several diﬀerences between the two. Seed dispersal can result in
the foundation of new populations, reducing interpopulation distances and increasing the
probability of successful dispersal events. Seeds, furthermore, transport both nuclear and
cytoplasmic genes, while pollen only carries nuclear genes. Thus, seeds will make a greater
contribution to the increase in genetic variation.
Pollen, on the other hand, is capable to overcome greater interpopulation distances,
which is especially important for species without facilities for long-distance seed dispersal.
For insect-pollinated plant species, however, changes in the spatial conﬁguration of plant
populations due to habitat fragmentation may result in changed or even disrupted interactions
with pollinators (Kwak et al. 1998, Steﬀan-Dewenter and Tscharntke 1999, Lennartsson
2002). This can be compensated by changing the mating system (more selﬁng), an increase
in generalist pollinators, or by increased vegetative reproduction (Harrisson and Bruna 1999).
For species without long-distance seed dispersal, pollen-mediated gene ﬂow may, however,
remain of substantial importance for regional population persistence (Richards 2000).
Interpopulation gene ﬂow resulting in outbreeding increases the opportunities for a
ﬁtter hybrid progeny (Levin 1984) due to heterosis. According to theory, this may be caused
by increased levels of heterozygosity (the overdominance theory) or by compensation for
disadvantageous allele combinations (the partial dominance theory, Charlesworth and
Charlesworth 1987). However, outbreeding does not always result in greater ﬁtness of the
oﬀspring. The reduction in ﬁtness due to outbreeding is called outbreeding depression
(Waser and Price 1994). For example, interpopulation hybridization can reduce ﬁtness
in the F1 outbreeding progeny, because hybrids loose 50% of the locally adapted loci
(Huﬀord and Mazer 2003). Furthermore, an isolated and locally adapted population can
be negatively aﬀected by outbreeding because co-adapted gene complexes or favourable
epistatic relationships are damaged (Lynch 1991).
Gene ﬂow can be measured by trapping seeds and/or pollen in the landscape.
However, this direct approach only allows the measurement of present gene ﬂow and
excludes past processes. Additionally, this approach is often diﬃcult to implement directly,
demanding almost impossible eﬀorts in most cases. Therefore, the application of molecular
markers and novel population genetic models appears to oﬀer a good alternative for the
validation of estimates of gene ﬂow, but also of levels of within-population genetic variation
and of population structure (Ouborg et al. 1999).
Basically, the degree of population diﬀerentiation is used to infer rates of exchange
of individuals between populations. Traditionally, FST values (or related measures of
population diﬀerentiation) have been widely used to infer the number of migrants (Nm)
and so determine dispersal.
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FST = 1 /1 + 4 Nm
The reliability of such population diﬀerentiation measures, however, has been called
into question (Whitlock and McCauley 1990), because these measures are based on the
Island Model (Wright 1931) and rely on unrealistic assumptions, such as that all populations
are equal, that there are no mutations, that there is no selection, etc. (Cain et al. 2000
and references therein). More recent studies have demonstrated that assignment tests or
assignment-based diﬀerentiation measures are more appropriate for determining especially
contemporary levels of gene ﬂow (Berry et al. 2004, Manel et al. 2005). Assignment tests
assign individuals to possible source populations based on their multilocus genotype. It has
been suggested that assignment tests can be used to reveal recent immigration events, and
hence to asses contemporary gene ﬂow, between populations (Berry et al., 2004; Manel
et al., 2005). Currently, three types of assignment test are available: the Frequency-based
assignment tests (Paetkau et al. 1995), the partial exclusion Bayesian-based assignment test
(Rannala and Mountain 1997) and the fully Bayesian-based assignment test (Pritchard
et al. 2000, Corander et al. 2004). Frequency-based assignment tests calculate the
likelihood, based on observed allele frequencies, that an individual originates from each
of the sampled populations. The individual is then assigned to the population with the
highest log-likelihood of occurrence. This approach allows the assignment of individuals,
but lacks statistical signiﬁcance. Both the partial and the fully Bayesian-based assignment
tests use Monte-Carlo simulations of allele frequencies of each population to simulate a
genotypic probability distribution and statistically test whether the observed likelihood
of an individual belonging either to one population or the other ﬁts with the probability
distribution of each population being considered. The diﬀerence between the two Bayesianbased methods is that the fully Bayesian-based test assumes that all populations have been
sampled, whereas the partial Bayesian-based test does not.
OBJECTIVES OF THIS STUDY
This study was intended to clarify the genetic eﬀects of habitat fragmentation on two
contrasting plant species, Succisa pratensis and Hypochaeris radicata, both occurring in
nutrient-poor, dry and highly fragmented grassland vegetations (Soons et al. 2005). We
were mainly interested in the question whether and how habitat fragmentation aﬀects both
species, and whether the impact of habitat fragmentation depends on species-speciﬁc life
history traits. The thesis presents experimental evidence about the degree to which the spatial
landscape structure resulting from fragmentation, as well as levels of inbreeding, aﬀect gene
ﬂow and dispersal between populations of both species. The study speciﬁcally examined
the eﬀects of inbreeding on dispersal (gene ﬂow), and tried to assess the consequences of
these eﬀects for the persistence of the species within the fragmented landscape, against a
background of increased stress due to habitat deterioration.
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Speciﬁcally, the main objectives of this project were:
I. to determine the impact of habitat fragmentation on dispersal traits;
II. to determine the balance between inbreeding and outbreeding depression and
its consequences for interpreting the spatial conﬁguration of the populations;
III. to measure the amount of gene ﬂow among populations of both species.
Selection of research areas and study species
The study has concentrated on moist nutrient-poor grasslands of the Nardio-Galion
plant community in the Netherlands, because this type of vegetation has become highly
fragmented since the beginning of the last century (Soons et al. 2005) and therefore provides
an ideal situation to study the genetic eﬀects of recent and massive habitat fragmentation.
Intensive land use by farmers has reduced the area occupied by these biodiverse grasslands
by as much as 99.9% (Soons et al. 2005). Nowadays, the species-rich grasslands occur either
as small, isolated remnants, managed as nature conservation areas, or remain unmanaged
along linear landscape elements.
From this vegetation type, we selected two plant species, Succisa pratensis
(Dipsacaceae) and Hypochaeris radicata (Asteraceae). Both species are hemicryptophytic
perennial rosette plants, with comparable life history components (transient seed banks,
mainly sexual reproduction) and pollination system (insect-pollinated). However, they
diﬀer in terms of mating system, longevity and dispersal capacity. S. pratensis is a long-lived
species (> 25 years, Hooftman et al. 2003a) and has a mixed mating system. Although the
single-seeded fruits are not equipped with a speciﬁc dispersal mechanism, dispersal by wind
over short distances may take place (Soons et al. 2004). H. radicata is the opposite in these
respects: it is a short-lived (rosettes die after ﬂowering) mainly outcrossing perennial. Its
single seeds have a beak that is attached to a pappus, allowing long-distance dispersal by
wind (Soons et al. 2004).
Depending on local and regional dynamics, and the lifecycle characteristics of the
species (including dispersal ability), populations may be regionally structured as a result of
habitat fragmentation in diﬀerent ways (Eriksson 1996, Freckleton and Watkinson 2002).
For example, populations of long-lived species, like S. pratensis, which produce seeds that are
not equipped for long-distance dispersal, may undergo a reduction in interpopulation gene
ﬂow. The remaining populations then may ﬁnd themselves isolated, with greatly reduced
genetic exchange (Eriksson 2000). In these isolated populations, it is mainly genetic drift,
and selection towards local adaptation, which determine the regional population dynamics,
resulting in genetically diverging populations for which outbreeding may result in reduced
ﬁtness (Waser and Price 1994). Of course, the fact that the plants are long-lived may imply
that it takes many years for such eﬀects to become visible, which might be longer than the
period of serious habitat fragmentation in the Netherlands (~ 100 years).
On the other hand, populations of species with seeds that are equipped for longdistance seed dispersal may have high levels of gene ﬂow, assuming that the fragmented
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landscape provides enough suitable sites for seed establishment. Such populations may
show a high population turnover and are mainly characterised of short-lived species like
H. radicata (Ehrlén and van Groenendael 1998). Although they might be better equipped
to survive in a fragmented landscape, negative eﬀects of inbreeding and genetic drift can
be detected earlier due to the high population turnover. At regional scale, such populations
may persist as a metapopulation (Eriksson 1996). A metapopulation, that is, a set of local
populations linked by dispersal, local extinction and colonization events in a spatially
structured landscape (Hanski and Giaggotti 2004), may improve the regional survival of
the species. However, maintaining metapopulation dynamics requires a potentially suitable
habitat (Eriksson 1996) as well as a minimum number of migrants (Olivieri and Gouyon
1997).
Based on the available theoretical knowledge on the genetic consequences that plant
populations may have to face due to habitat fragmentation, and the species-speciﬁc life
history traits, we expected that it would be mainly the long-lived, short-distance dispersing
S. pratensis which would be negatively aﬀected by habitat fragmentation, although its
negative eﬀects might be delayed to some extent (Eriksson 2000, Ouborg and Eriksson
2004). H. radicata was hypothesized to escape unfavourable conditions as it is adapted to
long-distance seed dispersal.
OUTLINE OF THE THESIS
This thesis discuses the extent to which genetic eﬀects aﬀect the survival of both species
in fragmented landscapes. For these species, we have established the eﬀects of inbreeding
and outbreeding on seed- and dispersal-related traits and on growth, ﬂowering and survival
within a stressful environment. We have also evaluated the consequences for local adaptation
and have investigated gene ﬂow and population structure.
I. Inﬂuence of habitat fragmentation on dispersal traits
Chapter 2:
This chapter explores the overall genetic consequences of habitat fragmentation. Smaller
isolated populations face a greater impact of genetic drift, and more isolated populations
may show reduced individual ﬁtness because of the greater risk of inbreeding depression.
However, these eﬀects are diﬃcult to measure in the ﬁeld. The chapter discusses the
relationship between population size, population isolation and the mean and variance
of dispersal-related traits. The implications of the eﬀects of habitat fragmentation on the
dispersal ability of both species are assessed.
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II. Balance between inbreeding and outbreeding
Chapter 3:
This chapter focuses on the genetic eﬀects of habitat fragmentation on seed dispersal traits.
It explores the eﬀects of inbreeding and outbreeding on dispersal-related traits of both
species in greater detail, based on an extensive pollination experiment. The second part
of this chapter describes the results of a two-year greenhouse study to determine whether
inbreeding or outbreeding in both species has an additional eﬀect on growth and ﬂowering
in a stressful environment, since habitat fragmentation is often combined with habitat
deterioration.
Chapter 4:
Isolation of populations results in interrupted interpopulation gene ﬂow. In such
populations, genetic drift and selection may lead to genetic diﬀerentiation and adaptation
of the populations to their speciﬁc sites. Inbreeding occurs in small, isolated populations
and may undermine the local adaptation process. Outbreeding may interrupt the local
adaptation process. This chapter reports on a study investigating the eﬀects of inbreeding
and outbreeding on the adaptation of the populations of both species to local conditions,
using a pollination and reciprocal transplant experiment. Plant growth, ﬂowering, clonal
propagation and survival were followed for two years.
Chapter 5:
The negative eﬀects of inbreeding can often accumulate over generations of inbreeding and
result in inbreeding depression. However, in small populations such as those occurring in
fragmented habitats, inbreeding depression may be reduced due to the purging of lethal
mutations. This chapter examines the eﬀects of multigenerational inbreeding on the seed
traits and seedling growth of S. pratensis.
III. Measuring gene ﬂow
Chapter 6:
Microsatellites, repeated motifs of nucleotides, are useful molecular markers to measure
gene ﬂow, levels of genetic variation and population genetic structure. Markers based on
these repeats are usually highly polymorphic and co-dominant, and are assumed to be
selectively neutral, making them useful instruments for population genetic analysis. This
chapter describes the development and testing of ﬁve highly polymorphic microsatellite
markers in H. radicata.
Chapter 7:
In the Achterhoek region of the Netherlands, H. radicata is present in linear landscape
elements. As the species is adapted to long-distance seed dispersal by wind, high levels
of gene ﬂow could be expected. However, the area is highly fragmented and the impact
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of gene ﬂow on the genetic structure of the local populations is unknown. This chapter
reports on a study in which the microsatellites described in chapter 6 were used to reveal
the population genetic structure and levels of genetic variation and interpopulation gene
ﬂow of H. radicata in the area.
Chapter 8:
The long-lived species S. pratensis is found in the Achterhoek region in fragmented nature
conservation areas and as remnant populations along linear landscape elements. Since the
seeds of this species are not equipped for long-distance dispersal, interpopulation gene ﬂow
is assumed to be low, in view of the level of isolation. This chapter reports on a study in
which AFLP markers (Ampliﬁed Fragmented Length Polymorphism) were used to reveal
intrapopulation and interpopulation gene ﬂow and the population structure of the species.
These markers are considered to be selectively neutral, dominant, highly polymorphic and
easily and rapidly applicable, thus presenting a valuable instrument for analysing gene ﬂow
patterns and population structures.
Summarizing discussion
Chapter 9:
This chapter combines the results on inbreeding eﬀects reported in the previous chapters
with the population genetic structure and levels of gene ﬂow of S. pratensis and H. radicata
populations that we found. The synthesis shows the extent to which inbreeding and
gene ﬂow interact. From this synthesis, the chapter draws conclusions about the current
genetic conditions of the remaining populations of the two species within the fragmented
landscapes. Recommendations are made for the conservation of the species. The chapter
ends by presenting prospects for future research.
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ABSTRACT
Habitat fragmentation, as a major threat to plant population persistence, causes a reduction
in population size as well as larger distances between populations, increasing the impact of
genetic drift and inbreeding (genetic erosion). Dispersal may counterbalance such eﬀects,
but dispersal may also be the subject of genetic erosion. To determine the eﬀects of habitat
fragmentation on dispersal we conducted a controlled crossing experiment under common
greenhouse conditions. We then measured variation in traits related to seed dispersal and
establishment, and correlated this variation to population size and isolation in Succisa
pratensis and Hypochaeris radicata, plant species that diﬀer in their dispersal strategy and
longevity. Signiﬁcant between-family variation in both species was found for various
components of dispersal, indicating that dispersal has a genetic basis and therefore may
be subject to the short-term genetic eﬀects of habitat fragmentation as well as long-term
evolutionary changes. Population size and isolation varied independently in the study area.
Isolation and population size were correlated with the means of and variation in several
dispersal traits in both species. No evidence was found that the two factors reinforce
each other in their eﬀects on dispersal. The results showed that habitat fragmentation
(and genetic erosion) aﬀects the regional dynamics of diﬀerent species in diﬀerent ways.
Habitat fragmentation reduced seed dispersal in the long-lived, short distance-dispersing
S. pratensis, while increasing seed dispersal in the short-lived, long-distance dispersing
H. radicata.
INTRODUCTION
In recent decades, habitat fragmentation has been recognized as a major threat to plant
population persistence. As a consequence of habitat fragmentation, populations become
smaller, while interpopulation distances increase. Small and isolated plant populations
are increasingly aﬀected by the genetic eﬀects of inbreeding, genetic drift and interrupted
interpopulation gene ﬂow (Young et al. 1996). These eﬀects reduce genetic variation (Booy
et al. 2000) and ﬁtness (Van Treuren et al. 1993b, Franckham 1996), a process known as
genetic erosion (Bijlsma et al. 1994). Dispersal may counterbalance such eﬀects (rescue
eﬀect, Brown and Kodrik-Brown 1977) allowing the exchange of genetic material between
populations and the founding of new populations.
Since habitat fragmentation reduces population sizes and at the same time increases
the distances between populations, eﬀects of population size and isolation are often
considered in combination and even (implicitly) as interchangeable (Ellstrand and Elam
1993, Young et al. 1996). However, there are at least two reasons to investigate the eﬀects
of reduced population size and increased isolation separately.
First, Fahrig (2003) argued that population size and degree of isolation must be
regarded in relation to changing amounts of habitat and the number of habitat patches. These
may be altered by habitat fragmentation in many diﬀerent ways. Habitat fragmentation
therefore does not exclusively result in remaining populations being both small and

Habitat fragmentation aﬀ ects seed dispersal

15

isolated. Research on the eﬀects of habitat fragmentation should address population size
and isolation eﬀects as separate factors.
Second, when concerned with traits involved in plant dispersal, reduced population
size and increased isolation will aﬀect the genetics of populations via two distinct processes.
Population size eﬀects result from an increase in the importance of the random genetic
processes drift and bi-parental inbreeding. This will then result in a decrease of the
proportion heterozygotes (cf. an increase in the inbreeding level) within small populations.
If, but only if, these populations did also become increasingly isolated due to fragmentation,
inter-population gene ﬂow will be hampered and the possibility of genetic rescue reduced.
Population size eﬀects have been extensively studied (Menges 1991, Oostermeijer et al.
1994, Morgan 1998, Donohue 1998, Fischer and Matthies 1998, Kéry et al. 2000, Vergeer
et al. 2004), showing reduced ﬁtness in relation to decreased population size. For as far as
the dispersal potential of species has a genetic basis, traits involved in long-distance seed
dispersal, or variation in these traits, will be part of this genetic erosion process that follows
habitat fragmentation.
Isolation, on the other hand, is expected to result in increased selection against
dispersal potential. In an isolated population, whether large or small, high dispersed seeds
are lost to an inhospitable environment, and selection within populations will favour
individuals with low dispersal potential. This was demonstrated by Cody and Overton
(1996), while Olivieri et al. (1995) developed a model predicting the change of dispersal
potential of plant populations during succession in a metapopulation context.
Thus, we may expect a reduction of the value of dispersal traits in small populations,
while a reduction of this value is also expected in isolated populations. When reduction of
population size and increase of isolation is correlated within a certain landscape the two
processes will reinforce each other.
Due to diﬀerences in longevity or dispersal strategy, plant species might respond
diﬀerently to the negative eﬀects of habitat fragmentation. Ehrlén and van Groenendael
(1998) showed that such life history traits are often negatively correlated among plant
species, implying that long-lived plant species often disperse seeds over short distances while
short-lived species often disperse over longer distances. Short-lived species may accumulate
genetic erosion eﬀects at a higher rate than long-lived species, while isolation may have a
higher eﬀect on dispersal potential in populations of well dispersed species, that become
isolated due to fragmentation. Soons and Heil (2002) and Soons et al. 2005 found that
habitat fragmentation reduces the dispersal potential of grassland forbs, but did not test
whether the changes in dispersal potential had a genetic basis.
In this study we investigated the possible eﬀects of reduced population size and isolation
independently on seed dispersal in two plant species (Succisa pratensis and Hypochaeris
radicata) contrasting in dispersal strategy and longevity. We also investigated to what extent
isolation and population size eﬀects reinforce each other. To reduce environmental eﬀects
we conducted our experiment under common greenhouse conditions. Dispersal related
traits then were measured on the oﬀspring of the plants sampled from natural populations.
To avoid inbreeding depression due to self-fertilization in the oﬀspring, the families were
manually outcrossed prior to the measurements of seed dispersal traits.
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More speciﬁcally, we have addressed the following questions:
(1) Is there variation in seed dispersal related traits between populations of Succisa
pratensis and Hypochaeris radicata?
(2) What are the eﬀects of population size and isolation on seed dispersal traits and
their variation?
(3) What are the consequences of habitat fragmentation for the two species S.
pratensis and H. radicata contrasting in longevity and seed dispersal ability?
MATERIALS AND METHODS
Plant species
We studied the genetic eﬀects of habitat fragmentation on dispersal in two polycarpic
perennial hemicryptophytic plant species, Succisa pratensis Moench (Dipsacaceae) and
Hypochaeris radicata L. subsp. radicata (Asteraceae).
S. pratensis is a long-lived (more than 25 years, Hooftman et al. 2003a) rosette plant
of nutrient-poor, moist grasslands. The species has a mixed mating system. Hemicrytophytic
rosettes reach a diameter of approx. 15 cm and produce 1-6 ﬂower stalks with heights of
20-100 cm (Billeter 2002). The species ﬂowers in the Netherlands between August and
the end of September. Flowers are protandrous and insect-pollinated, but self-pollination
may occur (Grime et al. 1988). Seeds germinate in spring after a cold period (Adams 1955,
Grime et al. 1988). S. pratensis produces 3-7 ﬂowering heads per stalk, each containing
up to 100 single-seeded fruits, which are equipped with four or ﬁve spines (about 0.6 mm
long). Fruits have no speciﬁc traits for long-distance seed dispersal but can be dispersed
by the wind over small distances (Soons et al. 2004). However, most fruits fall close to
the mother plant (Adams 1955, Soons et al. 2005). The species has a transient seed bank
(Thompson et al. 1997).
H. radicata is a short-lived, mainly outcrossing rosette herb of short grasslands on
sandy and slightly acidic open soils (Grime et al. 1988). The species can reproduce clonally.
Genets live for about three years. Rosettes (about 20 cm diameter) produce 3-12 branched
ﬂower stalks with heights of 8-30 cm (Aarssen 1981). Flowers are androgynous and insectpollinated. The ﬂowering period is from May until September. H. radicata is sometimes
considered to be an obligatory outbreeder and partly self-incompatible (Fryxell 1957,
Parker 1975), but according to Grime et al. (1988) and Hagerup (1954), self-pollination
may occur in diﬀerent ways. Flowering plants can be produced from seeds within two
months (Turkington and Aarssen 1983). Single-seeded fruits are unicarp, containing a
beak attached to a plumose pappus. These structures facilitate long-distance seed dispersal
by wind (Soons et al. 2004). Seeds have no speciﬁc germination requirements. The species
has no seed bank (Aarssen 1981).
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Table 1 Overview of characteristics of populations of S. pratensis and H. radicata used in the
experiment. Population size is the number of ﬂowering individuals. Isolation is given as the km
distance to the next population. Number of plants refers to the number of families per population
used in the experiment.
Species

Population name

Code

Coordinates

Population

Isolation

size
Succisa
pratensis:

Hypochaeris
radicata:

Number of
plants

Kooierlaan
Luttenbergerven

SKL
SL

52’ 05’ 05’’ N, 6’ 31’ 80’’ E
52’ 26’ 10’’ N, 6’ 20’ 90’’ E

50
580

4.25
0.80

15
14

Koolmansdijk

SKM

52’ 01’ 13’’ N, 6’ 33’ 14’’ E

1,500

1.20

15

Hasselt
Veerslootlanden
Konijnendijk
Havelte
Nijkampseheide

SGH
SV
SKD
SH
SN

52’ 35’ 20’’ N, 6’ 09’ 50’’ E
52’ 37’ 50’’ N, 6’ 09’ 40’’ E
52’ 02’ 25’’ N, 6’ 26’ 17’’ E
52’ 48’ 25’’ N, 6’ 14’ 05’’ E
52’ 01’ 50’’ N, 6’ 32’ 43’’ E

4,500
11,000
15,000
25,000
28,000

0.50
3.50
0.30
1.30
0.15

12
7
15
15
15

Allemanskampje
Rouveen
Konijnendijk
Havelte
Luttenbergerven
Bennekom
Molenweg
Koolmansdijk

HA
HR
HKD
HH
HL
HB
HM
HKM

52’ 04’ 50’’ N, 5’ 34’ 05’’ E
52’ 34’ 30’’ N, 6’ 11’ 70’’ E
52’ 02’ 25’’ N, 6’ 26’ 17’’ E
52’ 48’ 25’’ N, 6’ 14’ 05’’ E
52’ 26’ 10’’ N, 6’ 20’ 90’’ E
52’ 00’ 50’’ N, 5’ 35’ 50’’ E
52’ 01’ 45’’ N, 6’ 34’ 48’’ E
52’ 01’ 13’’ N, 6’ 33’ 14’’ E

100
200
600
1,000
1,500
3,500
30,000
50,000

0.010
0.200
0.325
0.020
0.500
0.125
0.002
0.120

8
7
9
14
13
13
14
12

Study area
We investigated both species in the same area in the eastern part of the Netherlands
(Table 1). The distribution area of S. pratensis in the Netherlands has declined by 74%
since 1935 (Van der Meijden et al. 2000) as a result of habitat loss, fragmentation and
deterioration. While H. radicata has a much wider distribution than S. pratensis, both
species are present in nature reserves that include grasslands, as well as in road ditches, along
railway tracks and along waterways. The populations within the study area diﬀer in size and
distance to the nearest neighbouring population (Table 1). We selected eight populations
per species, varying in size from small 50 (100) to large 28,000 (50,000) for S. pratensis and
H. radicata and in distance to the neighbouring population (Table 1). The distance to the
nearest neighbouring population (km) has been used as a measure of isolation (Moilanen
and Nieminen 2002). For the H. radicata populations HA and HH, which were separated
by a road, the distances to their nearest neighbouring population were 0.01 and 0.02 km,
respectively. Population HM was a subsample of a continuous population of H. radicata.
Population size was determined by counting the number of ﬂowering individuals within
a representative 10 by 10 m area and extrapolating these estimates to the entire area. To
determine whether population size was independent of degree of isolation, we calculated
Pearson correlation between the two variables.
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Common greenhouse conditions
For each of the eight S. pratensis populations, seeds from 7-15 randomly selected plants were
collected in the summer of 1998 and sown separately for each plant in the spring of 1999
(Table 1). One juvenile per plant was randomly selected to produce the next generation
(in total 108). Plants were grown individually in 1 dm3 pots using homogenised potting
soil in the greenhouse during two years, to reduce the eﬀects of environmentally induced
variation (e.g. maternal eﬀects) as much as possible. When plants ﬂowered for the ﬁrst time
in the summer of 2000, a manual crossing treatment was carried out. To avoid phenological
diﬀerences, the third ﬂower head per plant was emasculated, three days prior to crossing.
To prevent early inbreeding depression the crossing was performed with a pollen mixture
obtained from three to ﬁve other plants of the same population. During emasculation
and after crossing, the ﬂower heads were bagged. Seeds of the bagged ﬂower heads were
collected in October 2000, counted and stored at room temperature until the measurements
in February 2001. These seeds therefore represent a family, the oﬀspring of one plant, and
were used to measure dispersal traits.
H. radicata seeds from 7-14 randomly selected plants of eight populations were
collected in the summer of 1999 and sown separately for each plant in the spring of 2000 (in
total 90). As for S. pratensis one juvenile was selected and raised individually in 0.75 dm3 pots
under the same uniform greenhouse conditions as plants of S. pratensis to exclude maternal
eﬀects as much as possible. To avoid early inbreeding the manual crossing treatment was
carried out when most of the plants ﬂowered after two months. In H. radicata, the pollen
sacs are connate in the tube. The pollen is pushed out by the growing style, which makes
emasculation impossible. Therefore, we conducted the manual crossing treatment by just
rubbing a ﬂower head with pollen from a diﬀerent family of the same population on the
target head. As H. radicata has been reported to be partly self-incompatible, these crosses
were most likely cross-pollinations. Afterwards, the ﬂower heads were also bagged. Seeds
were collected in August 2000 and stored at room temperature until the measurements in
February 2001.
Measurement of seed dispersal traits
For each treated ﬂower head, we randomly chose eight oﬀspring seeds per plant per population
of both species (about 800) to cover seed heteromorphy that is common in Asteraceae
species (Impert 2002) and likely in Dipsacaceae species. On these seeds we measured traits
regarding the potential to disperse, seed length, pappus length (H. radicata), and seed
length, seed area and the length of the longest spine (S. pratensis) using the OPTIMAS 6.5
image analysis software (Mix et al. 2003) and traits regarding the potential to establish like
seed germination and juvenile size.
For S. pratensis the seed dispersal potential is related to terminal velocity (Vt):
Vt = 0.64 + (1.17 × (seed mass½)), R 2 = 0.26 (P < 0.001, Soons and Heil 2002). The formula
shows that the dispersal potential of the species very much depends on seed mass. Seed mass
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was estimated by linear regression methods between the seed mass and seed area obtained
by the image analysis software for a subsample of seeds and showing a high correlation
(r = 0.90, R 2 = 0.70, F1,160 = 369.6, P < 0.001).
The dispersal potential of H. radicata, expressed as terminal velocity, is given by:
Vt = 5.93 × ((seed mass½)/pappus diameter), R 2 = 0.59 (P < 0.001, Soons and Heil 2002)
showing that the dispersal potential of the species is aﬀected by both seed mass and the
pappus diameter. Using the image analysis software we measured seed length and length
of the pappus. Seed mass was estimated by linear regression methods between the seed
mass and seed length for a subsample of seeds and was highly correlated with seed length
(R 2 = 0.74, F1,28 = 61.1, P< 0.001).In order to determine the percentage of germination, all
seeds per ﬂower head per plant per species were counted and sown in the spring of 2001.
The seeds of S. pratensis were sown after a 4-week cold period at 4°C. The germination was
recorded every other day for six weeks.
We measured leaf length, leaf width and the number of leaves (up to ten juveniles
per pollinated head) of ﬁve populations of S. pratensis (278 in total) and six populations of
H. radicata (267 in total) on four-week-old juveniles (Table 1). The other populations did
not produce enough juveniles to be taken into account. In earlier experiments, aboveground
biomass (the product of leaf length, leaf width and number of leaves) was shown to be
positively and signiﬁcantly correlated with dry weight for both species (S. pratensis:
F1,74 = 738.48, P ≤ 0.001, r = 0.95 (Vergeer et al. 2003a); H. radicata: F1,46 = 239.73, P ≤ 0.001,
r = 0.92). In our experiment, aboveground biomass was used as a measure of juvenile size.
Statistical analysis
We calculated population means and standard deviation using family means. CV-values
were calculated from the mean and standard deviation of the population mean (Sokal and
Rohlf 2000) and represents the standardised variation among families within populations.
These measures were determined for all traits involved in seed dispersal: seed length,
terminal velocity, seed germination and juvenile size for both species, and as well as pappus
length for H. radicata and spine length for S. pratensis for each population of both species.
A nested analysis of variance (nested ANOVA), with population as random factor and
family within population as a nested random factor was used to test for diﬀerences in
means. This approach allows testing for diﬀerences in means between populations (variation
among populations) as well as for diﬀerences in means between families within populations
(variation within populations). Variables were transformed if necessary to meet ANOVA
assumptions. A sequential Bonferroni correction was applied (Rice 1989).
To test whether population means are correlated to population size or isolation,
a linear regression analysis was conducted for eight populations of each species, or ﬁve
(S. pratensis) or six (H. radicata) populations in the case of juvenile size. The analysis
used log population size or log distance (m) to the nearest population as the independent
variable. The dependent variables were population means (variation between populations)
and population CV values of spine length for S. pratensis, pappus length for H. radicata and
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Vt, seed germination and juvenile size for both species. The combined eﬀects of population
size and distance (log) were tested using a stepwise multivariate linear regression procedure.
All calculations were done in SPSS 13.0.
RESULTS
Population size versus isolation
Pearson correlations between population size and distance to the nearest neighbouring
populations were non-signiﬁcant for S. pratensis (n = 8, correlation coeﬃcient r = -0.37,
P = 0.37) and for H. radicata populations (n = 8, correlation coeﬃcient r = -0.29, P = 0.48),
indicating that both factors act independently here.
Table 2 Variation in dispersal-related traits within and between populations of S. pratensis and
H. radicata. Analyses were conducted as nested ANOVA. A sequential Bonferroni correction was
applied.
Trait

Succisa pratensis
Spine length
Seed length
Calculated Vt
Seed germination
Juvenile size

Between-population
df, dferror
MS

7,100
7,100
7,100
7,101
4,33

Hypochaeris radicata
Pappus length
7,82
Seed length
7,82
Calculated Vt
7,82
Seed germination
7,100
Juvenile size
5,33

F

P

Between families within-population
df, dferror
MS
MSerror
F

P

0.005
0.04
2.85
115.96
0.75

2.05
2.57
1.84
0.66
0.76

0.056
0.018
0.08
0.70
0.56

100,750
100,750
100,750
101,805
33,278

0.002
0.02
1.52
174.25
1.06

0.001
0.0004
0.04
467.85
0.18

1.76
42.88
39.34
0.37
5.95

<0.001
<0.001
<0.001
0.88
<0.001

0.38
0.05
1.02
592.03
0.22

1.74
1.76
3.40
0.16
0.97

0.11
0.11
0.003
0.15
0.45

82,628
82,628
82,628
100,606
33,267

0.22
0.03
0.30
372.37
0.23

0.036
0.00054
0.16
211.34
0.07

5.99
51.38
1.89
1.76
3.37

<0.001
<0.001
<0.001
0.36
<0.001

Variation between families within populations
Variation between families within populations of S. pratensis was signiﬁcant for seed length,
spine length, terminal velocity (Vt) and juvenile size, suggesting that within-population
variation exists for these traits (Table 2). The average CV value of seed length, showed
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a signiﬁcant positive relationship with log population size (R 2 = 0.61, F = 7.29, P < 0.05;
Fig. 1a), and was negatively and signiﬁcantly related to the degree of isolation (R 2 = 0.30,
F = 8.03, P < 0.05, Fig. 1b), indicating that reduced population size and a higher degree of
isolation lower the variation in seed length. None of the other CV values were signiﬁcantly
related to population size or isolation.

Population average of CV
of seed length

a

b
25

25

20

20

15

15

10

10
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

log population size

log isolation

Figure 1 Mean CV values per population of seed length for S. pratensis in relation to (a) population
size and (b) degree of isolation

In H. radicata, pappus length, seed length, terminal velocity (Vt) and juvenile size
varied signiﬁcantly between the diﬀerent families within populations (Table 2) indicating
variation within populations for these traits. The amount of variation (CV-value) of juvenile
size was signiﬁcantly positively related to population size (R 2 = 0.84, F1,4 = 21.24, P < 0.01;
Fig. 2) but not to isolation, indicating that the amount of variation in juvenile size was
lower in small populations.

Population average
of CV of
juvenile size

80
60
40
20
0
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
log population size

Figure 2 Mean CV values per population of juvenile size for H. radicata in relation to population size
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Table 3 Mean values and values of coeﬃcients of variation (in brackets) of measured traits of (a)
S. pratensis and (b) H. radicata populations. CV values (means) were calculated as CV (mean) per
individual followed by CV (means) per population. Diﬀerent letters indicate signiﬁcant diﬀerences
between populations based on Tukey’s HSD test.

a) S. pratensis
Population

SKL
SL
SKM
SGH
SV
SKD
SH
SN

Spine length
(mm)

Seed length
(mm)

Calculated Vt

Seed germination
(%)

Juvenile size

(m s-1)

0.061 (25.4)
0.078 (29.8)
0.061 (25.0)
0.062 (21.6)
0.066 (20.2)
0.063 (19.0)
0.061 (34.8)
0.073 (29.3)

4.18 (12.1) a
3.43 (19.7)b,c
3.81 (15.9) d
3.66 (20.4) e
3.67 (18.0) d,e
3.88 (17.6) d
3.54 (19.2) c
3.40 (22.5)b

2.06 (20.0)
1.64 (24.9)
1.80 (22.4)
1.75 (27.2)
1.95 (23.5)
1.85 (23.1)
1.76 (28.4)
1.55 (27.7)

11.3 (90.7)
11.0 (76.8)
15.5 (88.2)
16.2 (104.7)
18.6 (80.8)
18.9 (67.1)
16.4 (105.6)
15.0 (95.0)

3188.6 (57.5)
2226.8 (51.2)
1496.8 (85.0)
2440.8 (79.3)
1741.9 (20.5)
-

b) H. radicata
Population

Pappus length
(mm)

Seed length
(mm)

Calculated Vt
(m s-1)

Seed germination
(%)

Juvenile size

HA
HR
HKD
HH
HL
HB
HM
HKM

7.48 (15.3)
6.85 (27.7)
8.02 (17.8)
6.80 (26.1)
6.95 (20.3)
6.79 (10.2)
7.32 (24.5)
5.67 (16.5)

4.25 (11.9)
4.40 (23.8)
4.68 (14.4)
4.40 (11.3)
4.48 (12.4)
4.80 (15.8)
4.99 (12.3)
4.63 (11.5)

0.48 (13.4)b
0.56 (28.9)b
0.52 (36.3)b
0.67 (41.2) a,b
0.56 (23.9)b
0.65 (28.0)b
0.65 (40.6) a,b
0.83 (15.4) a

64.2 (23.4)
46.1 (59.4)
53.4 (30.6)
52.0 (37.1)
40.4 (35.6)
48.0 (40.6)
45.1 (48.4)
55.6 (23.6)

5190.5 (14.1)
5081.1 (24.4)
3751.6 (26.8)
4975.0 (35.8)
5692.9 (54.0)
4663.4 (40.2)

Variation between populations (eﬀ ects of population size and isolation)
Populations of S. pratensis varied signiﬁcantly in seed length (Table 2). The Tukey HSD
test showed that the smallest and most isolated population (SKL) diﬀered signiﬁcantly in
seed length from the other seven populations. Furthermore, each of the seven populations
diﬀered signiﬁcantly in seed length from at least four other population (Table 3a), although
there was no relationship to population size. A greater distance (log) to neighbouring
populations of S. pratensis increased the average terminal velocity (Vt) of that species
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(R 2 = 0.68, F1,6 = 12.44, P < 0.05; Fig. 3a). Population means of seed germination of
S. pratensis were signiﬁcantly and positively related to log population size (R 2 = 0.61,
F1,6 = 9.34, P < 0.05; Fig. 3b). None of the other traits were signiﬁcantly related to population
size or isolation.
a

terminal velocity (ms -1)

2.4
2.2
2.0
1.8
1.6
1.4
2.0 2.2 2.4

2.6 2.8 3.0 3.2

3.4 3.6 3.8

log isolation

seed germination (%)

b
26
24
22
20
18
16
14
12
10
8
6
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

log population size
Figure 3 Graphs of linear regression of mean values (± SE) between (a) terminal velocity (Vt) and
degree of isolation and (b) seed germination and population size in S. pratensis

In H. radicata, terminal velocity (Vt) was the only variable that varied signiﬁcantly
between populations (Table 2). Tukey’s posthoc test showed that the largest population
(HKM) diﬀered in Vt from ﬁve other populations, while these other ﬁve populations were
not signiﬁcantly diﬀerent from each other (Table 3b). Two populations (HM and HH)
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did not diﬀer signiﬁcantly from any other population in Vt (Table 3b). There was a positive
relationship between Vt and population size (R 2 = 0.70, F1,6 = 14.16, P < 0.01 Fig. 4a), but
no correlation with isolation was found (R 2 = 0.005, F1,6 = 0.03, P = 0.87). Juvenile size
increased signiﬁcantly with smaller distances (log) to the neighbouring population (R 2 =
0.83, F1,4 = 20.61, P < 0.05; Fig. 4b), although there was no eﬀect of reduced population
size. Pappus length, seed length and germination were not signiﬁcantly aﬀected by either
population size or degree of isolation.
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Figure 4 Graphs of linear regression of mean values (± SE) between (a) terminal velocity and
population size and (b) juvenile size and isolation in H. radicata
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Combined eﬀ ects of population size and isolation
As population size and degree of isolation were independent from each other, we added a
stepwise multivariate regression analysis to measure the cumulative eﬀects of both factors
on mean and CV values of seed dispersal and establishment traits of both species.
For S. pratensis, none of the traits were explained by either population size (log) or
isolation (log). Isolation was excluded from the multivariate regression model that best
explained the mean values of germination (R 2 = 0.61, F1,6 = 9.34, P = 0.02), indicating
that isolation had a non-signiﬁcant extra eﬀect on that trait. Population size was excluded
from the model that best explained Vt (R 2 = 0.67, F1,6 = 12.44, P = 0.01) and the CV value
of seed length (R 2 = 0.57, F1,6 = 8.03, P = 0.03), indicating that the eﬀect of isolation was
more decisive for these traits than population size. None of the other traits were explained
by population size or isolation.
As for S. pratensis, none of the variables found for H. radicata were signiﬁcantly
aﬀected by the combined eﬀects of log population size and log isolation. In the best
multivariate regression model, isolation was excluded as a signiﬁcant factor for the mean
values of seed length (R 2 = 0.57, F1,6 = 7.81, P = 0.03) and Vt (R 2 = 0.70, F1,6 = 14.16,
P = 0.009). Population size was excluded for the mean value of juvenile size (R 2 = 0.84,
F1,4 = 20.61, P = 0.01). None of the other traits were explained by population size or
isolation.
DISCUSSION
Despite increasing theoretical predictions on the evolutionary eﬀects of habitat
fragmentation, empirical evidence from natural systems in plants are scarce (Hoﬀmeister
et al. 2005). Under common garden conditions we measured variation in dispersal related
traits in natural populations of two plant species with contrasting life histories that varied
in size and degree of isolation.
Variation in dispersal traits
The signiﬁcant variance among families that was observed in dispersal-related seed traits
and establishment (juvenile size) possibly indicates that genetic variation for seed dispersal
could exist in populations of both species. On the other hand, maternal eﬀects can also
cause these diﬀerences. Seed dispersal traits are assumed to be basically determined by the
maternal phenotype (Donohue 1999). The endosperm itself is partly genetically inﬂuenced
by the genotype of the paternal parent, but allocations to the endosperm are maternally
determined (Roach and Wulﬀ 1987). In principle, even carry-over eﬀects over more than
one generation (Roach and Wulﬀ 1987) cannot be ruled out completely. However, we
examined the oﬀspring of a parent generation that was grown from seeds under common
greenhouse conditions, controlling as much as possible for such carry-over of environmental
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diﬀerences via maternal eﬀects. A correlation analysis between seed length and juvenile size
of the same populations (Mix et al. 2006a), indicated that carry over eﬀects were much
reduced in S. pratensis (N = 29, r = 0.22, P = 0.26), but to some extend were still present in
H. radicata (N = 23, r = 0.52, P = 0.01) after one generation.
On the condition that genetic variation exists for dispersal traits, dispersal may
be subject to evolutionary changes. This has been hypothesized explicitly or implicitly by
several authors (e.g. Venable and Lawlor 1980, Olivieri et al. 1983, 1995, Schmitt et al.
1985, Cody and Overton 1996) and recently has been demonstrated by Donohue et al.
(2005). Selection can change dispersal potential by aﬀecting morphological seed traits,
germination and establishment. Cody and Overton (1996) demonstrated that changes in
dispersal capacity in local populations of Hypochaeris radicata occurred, but they had no
evidence to decide whether the observed changes were genetically based or an expression of
phenotypic plasticity. The present study partly supports the idea that genetic variation in
dispersal traits of Hypochaeris radicata could have been at the basis of their observed changes.
Cody and Overton also found a loss of dispersal ability in isolated local populations, from
which they suggested a causal relationship between population isolation and selection
against long-distance dispersal because of loss of long-distance dispersing seeds to a nonsuitable environment (Olivieri et al. 1995, Cody and Overton 1996). In the present study
and a previous study on Hypochaeris radicata in fragmented landscapes (Soons and Heil
2002), no reduced long-distance dispersal ability was found. On the contrary, the dispersal
ability of H. radicata increased in small, but interestingly enough not in isolated populations
(lower terminal velocity).
Eﬀ ects of population size versus isolation
Although a decrease in population size and an increase in the distance between remaining
populations are often (implicitly) treated as interchangeable eﬀects of habitat fragmentation
(e.g. Young et al. 1996, Hooftman and Diemer 2002, Lienert 2004, Piessens et al. 2005),
our study indicated that these two factors may vary independently in response to changes in
the landscape. This is especially important when discussing the genetic implications of both
factors. Smaller populations increasingly undergo the eﬀects of genetic drift and inbreeding
that may lead to a reduction of ﬁtness, while isolation can lead to selection following the
ideas of Olivieri et al. (1995) and Cody and Overton (1996).
Smaller populations showed a reduction in seed length of H. radicata, and seed
germination and the within-population variation (coeﬃcients of variation) of seed
length of S. pratensis. These ﬁndings are consistent with previous ﬁndings of decreased
germination in smaller populations of Hypochaeris radicata, Succisa pratensis and other
species in fragmented habitats (Vergeer et al 2003a, Soons and Heil 2002). The observed
correlations between population size and both means and coeﬃcients of variation
for the population indicate that seed dispersal and establishment traits are aﬀected by
genetic erosion. However, as a side eﬀect of this genetic erosion the dispersal potential of
H. radicata was higher (lower terminal velocity) in smaller populations contradicting our
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expectations, indicating that genetic erosion does not always result in a negative ecological
outcome.
Increasing isolation increased terminal velocity and decreased the within-population
variation of seed length of S. pratensis. Increased terminal velocity decrease the dispersal
ability of the species. The observed correlation between terminal velocity and degree of
isolation indicate that seed dispersal in fragmented populations of S. pratensis is aﬀected
by selection against dispersal conform our expectations. This is indirectly conﬁrmed by
Hoﬀman et al. (2003) who found that isolated populations of S. pratensis produced more
rosettes than less-isolated populations indicating a shift in reproduction system from seed
dispersal to clonal propagation. The results demonstrate that the spatial arrangement of
populations in the landscape, in terms of the distances between them, may have consequences
for the evolution of traits at local population level (Olivieri et al.1983).
For none of the traits of either species did we ﬁnd cumulative eﬀects of population
size and isolation, indicating that both factors have an independent inﬂuence on dispersalrelated traits. Fahrig (2003) argued that, at the landscape level, habitat fragmentation
may alter population sizes and distances between populations independently and in many
diﬀerent ways. Our results demonstrate that we should regard population size and isolation
as two separate factors when evaluating the impact of habitat fragmentation on ﬁtness traits
like seed dispersal and establishment potential.
Consequences of habitat fragmentation for the diﬀ erent species
The total eﬀect of habitat fragmentation (involving reduced population size and increased
isolation) on the fate of seed dispersal clearly diﬀered between the species. Habitat
fragmentation reduced seed dispersal establishment in the long-lived, short distancedispersing S. pratensis, while increasing seed dispersal but decreased establishment in the
short-lived, long-distance dispersing H. radicata. The ultimate consequence of the diﬀerences
that we found between the species indicate that the short-distance dispersing S. pratensis is
very much isolated in the landscape we studied. This is supported by the fact that we found
very low levels of gene ﬂow in a study based on molecular data (chapter 8), in contrast to
H. radicata where extensive gene ﬂow was demonstrated (Mix et al. 2006b). This indicates
that, although fragmentation is taking place, the eﬀects of habitat fragmentation are not
as strong on the long-distance dispersing species H. radicata compared to short-distance
dispersing species S. pratensis. The higher dispersal ability of H. radicata and the lower
establishment may support the notion that there may be a negative relationship between
dispersal potential and establishment (Soons and Heil 2002 and references therein). Habitat
fragmentation, especially in the initial phases, may have stronger measurable eﬀects on the
short term (selection favouring dispersal) than on the long term (selection against longdistance dispersal ability as an evolutionary consequence of processing isolation).
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ABSTRACT
During habitat fragmentation, plant populations become smaller and more isolated from
each other, resulting in increasing inbreeding rates within populations. Furthermore,
fragmentation is often accompanied by a progressive deterioration of soil conditions.
Overall, high inbreeding rates and poor soil conditions decrease plant performance and
so increase the probabilitiy of extinction of fragmented plant populations. The goal of this
study was to investigate the eﬀects of inbreeding and soil acidiﬁcation on seed and oﬀspring
traits of Succisa pratensis and Hypochaeris radicata, two plant species diﬀering in mating
system, lifespan and dispersal ability. For each species, plants from four populations of
diﬀerent sizes were hand-pollinated. The selfed and outcrossed progeny were grown at two
soil pH levels. Overall, results showed that the dispersal potential of H. radicata was reduced
by selﬁng, indicating that dispersal capacity is not independent from the genetic erosion
process. Variation among seed families and its interactions with pollination treatments
indicate that dispersal capacity may have a genetic basis. The performance of both species
decreased sharply as soil conditions became more acidic, but inbreeding did not aggravate
the process. These results suggest that S. pratensis and H. radicata populations may decline
in the long term; family-level variation, however, suggests a potential for adaptation to new
conditions.
INTRODUCTION
Habitat fragmentation and deterioration are major threats to the persistence of plant
populations. In the process of habitat fragmentation, plant populations become smaller
and more isolated from each other. As a result, the number of breeding individuals within
a population and the level of gene ﬂow between populations decrease, leading to increasing
inbreeding and genetic drift (Ellstrand and Elam 1993, Dudash and Fenster 2000).
High inbreeding rates increase the proportion of homozygous individuals that may be
aﬀected by inbreeding depression (i.e. reduction of ﬁtness of selfed compared to outcrossed
progeny), mainly caused by the expression of deleterious recessive alleles (Charlesworth
and Charlesworth 1999). Hence, fragmented plant populations tend to exhibit reduced
ﬁtness due to inbreeding depression, and the ability of plants in fragmented habitats to
cope with this problem may be important to avoid local extinction (Young and Clarke
2000). Outbreeding between populations often improves the ﬁtness of the progeny (i.e.
heterosis), but may lead to reduced ﬁtness (i.e. outbreeding depression; Waser et al. 2000)
by disrupting locally adapted populations (Huﬀord and Mazer 2003) or co-adapted gene
complexes or other favourable epistatic relationships (Lynch 1991).
In addition to reduced ﬁtness, genetic diversity tends to decrease (i.e. genetic erosion)
in fragmented populations (Dudash and Fenster 2000). Fragmented populations might be
genetically “rescued” by immigrants from other populations (Brown and Kodrik-Brown
1977, Richards 2000), reducing inbreeding depression and increasing the level of genetic
variation (Ingvarsson 2001). So far, dispersal has been considered to be independent from
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the genetic erosion process. However, results of several studies indicate that variation in
dispersal may have a genetic basis (Clay 1982, Olivieri et al. 1983, Schmitt et al. 1985),
although there is as yet insuﬃcient proof of this. It may be hypothesized that speciesspeciﬁc dispersal traits, such as seed size and inﬂorescence height, might become aﬀected
by inbreeding.
Habitat fragmentation often co-occurs with changes in habitat quality due to factors
such as soil acidiﬁcation, eutrophication and desiccation. Deterioration of the habitat has
been shown to reduce the individual ﬁtness of plants (Vergeer et al. 2003b). However, the
combination of inbreeding and soil acidiﬁcation has been largely neglected. Therefore, a
comparison of the growth and reproduction of selfed and outcrossed progeny at diﬀerent
soil pH levels might be useful to quantify the response of a plant species to inbreeding.
The goal of this study was to determine the eﬀects of inbreeding and outbreeding on
dispersal-related traits and to compare the growth and reproduction of selfed and outcrossed
progeny of two plant species, diﬀering in terms of mating system, lifespan and dispersal
strategy, at two soil pH levels. Succisa pratensis is a mixed-mating, long-lived perennial with
no speciﬁc dispersal mechanism, and Hypochaeris radicata is a mainly outcrossing, shortlived perennial with plumed seeds, allowing long-distance dispersal by wind (Soons et al.
2004). Both species coexist in the Netherlands in nutrient-poor grasslands, which have
become highly fragmented during the past 100 years (Soons et al. 2005). Experimental
hand pollinations were used to produce selfed and outcrossed progeny of plants from four
populations diﬀering in population size. Selfed and outcrossed progeny were raised in the
greenhouse at two contrasting soil pH levels that plants can encounter in the ﬁeld. We
discuss the implications of inbreeding and outbreeding for the survival of S. pratensis and
H. radicata populations in a fragmented habitat.
MATERIALS AND METHODS
Species and area studied
Succisa pratensis Moench (Dipsacaceae) occurs in nutrient-poor, moist grasslands. The
rosettes, which reach a diameter of approx. 15 cm, can produce 1–6 ﬂower stalks with heights
of 20–100 cm. The species can also generate lateral side rosettes at the ends of its stolons.
Genets can live for more than 25 years (Hooftman et al. 2003a). Flowering occurs during
August and September. Flower heads contain 60–100 single ﬂorets. The hermaphroditic,
protandric ﬂowers are mainly pollinated by insects. Short-distance seed dispersal by wind
may occur over distances up to 4 m (Soons et al. 2004). Germination takes place in spring.
Hypochaeris radicata L. (Asteraceae) also occurs in nutrient-poor grasslands, though
the species can also be found in open vegetation sites and in forest margins. Hypochaeris
radicata can reproduce clonally. Genets live for about three years. The rosettes, which
reach a diameter of approx. 20 cm, produce 3–12 branched ﬂower stalks with heights of
8–30 cm. The ﬂowering period lasts from May to September, with two ﬂowering peaks.
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The hermaphroditic, protandric ﬂowers are insect-pollinated. The species is considered
to be an obligate outbreeder and mainly self-incompatible (Fryxell 1957), although
Hagerup (1954) and Grime et al. (1988) reported that self-pollination may occur. The
species produces single-seeded fruits that bear a pappus and are adapted to long-distance
dispersal by wind over distances up to 400 m (Soons et al. 2004). The seeds have no
speciﬁc germination requirements.
We selected four populations per species, diﬀering in size and distance to neighbouring
populations (Table 1). While H. radicata has a much wider distribution than S. pratensis,
both species are present in nature reserves and roadside ditches, along railway tracks and
waterways. Distances to the nearest neighbouring population ranged from 0.38 to 4.25 km
and from 2 to 125 m for S. pratensis and H. radicata, respectively. The H. radicata population
HM is a subsample of a continuum of that species (Table 1).

Table 1 Characteristics of the Succisa pratensis and Hypochaeris radicata populations studied.
Coordinates refer to latitude and longitude. The population size (i.e. the number of ﬂowering
individuals) is indicated by Ne. Distances to neighbouring populations and numbers of plants used
in the experiment are also given.

Ne

Population

Code

Coordinates

Distance
(km)

No. of
plants

S. pratensis
Kooierlaan
Koolmansdijk
Konijnendijk
Havelte

SKL
SKM
SKD
SH

52’ 05’ N, 6’ 31’ E
52’ 01’ N, 6’ 33’ E
52’ 02’ N, 6’ 26’ E
52’ 48’ N, 6’ 14’ E

50
1500
15,000
25,000

4.250
1.200
0.375
1.300

15
15
15
15

H. radicata
Allemanskampje
Havelte
Bennekom
Molenweg

HA
HH
HB
HM

52’ 04’ N, 5’ 34’ E
52’ 48’ N, 6’ 14’ E
52’ 00’ N, 5’ 35’ E
52’ 01’ N, 6’ 34’ E

100
1000
3500
30,000

0.010
0.020
0.125
0.002

8
14
13
14

Crossing experiment
We collected seeds of S. pratensis during summer 1998, from 15 randomly sampled plants
(hereafter families) for each population studied. The seeds of one plant are hereafter referred
to as ‘F1-families’. Seeds were kept in paper bags at room temperature until spring 1999,
when they were sown in 10 cm × 10 cm pots. Four weeks after germination, two seedlings
per family (of the 15 families per population) were individually transplanted into 10 cm ×
10 cm pots ﬁlled with standard soil mixture. Plants were grown in a greenhouse without
climate regulation and watered regularly until summer 2000, when the crossing experiment
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in the greenhouse started. The ﬁrst ﬁve ﬂower heads per family were chosen to create ﬁve
diﬀerent cross lines. All pollinations were carried out by hand pollinating on one of the
two siblings per family. A selﬁng line (INBRED1) was obtained, always using the ﬁrst
ﬂower with its own pollen. A biparentally inbred line (INBRED2) was created using the
other siblings as pollen donors. Three outcrossing lines were created for each family by
performing a within-population cross (OUTCROSS1) with a pollen mixture of 3 to 4
other families of the same population. In addition, two between-population crosses were
performed, using a pollen mixture from 3 to 4 other families of one population (other than
the neighbouring population or the study populations) located at distances between 1 and
20 km to the populations of study (OUTCROSS2) and one population (again other than
the neighbouring population or the study populations) located at distances between 30 and
40 km (OUTCROSS3) from each population of study. Recipient heads were emasculated
prior to hand pollination. Heads were pollinated by brushing the pollen donor head over
the recipient head. We bagged all hand-pollinated ﬂower heads during the treatment to
avoid uncontrolled pollinations, and left them bagged until seed harvest.
Seeds of H. radicata were collected in the summer of 1999, from 8 to 14 randomly
sampled plants (hereafter families) for each population studied. The seeds of one plant are
hereafter referred to as ‘F1-families’. Seeds were kept in paper bags at room temperature
until the spring of 2000, when they were sown in 10 cm × 10 cm pots ﬁlled with standard
soil mixture. Two weeks after germination, two seedlings per family were individually
transplanted into 10 cm × 10 cm pots and raised in the greenhouse under the same conditions
as S. pratensis. Emasculation was not feasible in H. radicata, as is the case for many other
composites. We used the same pollination treatments and procedures as for S. pratensis.
Seed and plant measurements
In January 2001, we measured seed length for both species, and pappus diameter for
H. radicata. Measurements were conducted using the OPTIMAS 6.5 image analysis
software (Media Cybernetics 1999) on eight randomly chosen ﬁlled fruits per family and
pollination treatment (about 4,800 seeds overall). This software allows simultaneous and
accurate measurements of diﬀerent seed traits by analyzing the image of the seed taken by
a camera that is attached to a microscope (Mix et al. 2003). Seed mass was estimated by
linear regression methods between the seed mass and seed area for S. pratensis (R 2 = 0.70,
F1,160 = 369.6, P < 0.001) and seed mass and seed length for H. radicata (R 2 = 0.74,
F1,28 = 61.1, P < 0.001). Seed mass and seed length were obtained by the image analysis
software for a subsample of seeds from the OUTCROSS1 pollination treatment. Terminal
velocity (Vt), the inverse of the dispersal potential, was measured according to Soons and
Heil (2002), who parameterized the following terminal velocity functions for S. pratensis
and H. radicata, respectively:
Vt = 0.64 + (1.17 × (seed mass½)), R 2 = 0.26 (P < 0.001)
Vt = 5.93 × (seed mass½/pappus diameter), R 2 = 0.59 (P < 0.001).

(1)
(2)
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In April 2001, S. pratensis and H. radicata seeds were placed in small pots for
germination. In May/June 2001, we transplanted up to ﬁve seedlings per F1-family per
population per pollination treatment and per species into 10 cm × 10 cm pots ﬁlled with
two diﬀerent soil types diﬀering in pH (up to ﬁve seedlings per soil type, about 2000
seedlings overall), to test the eﬀects of pollination treatment on plant traits of oﬀspring
under diﬀerent environmental conditions. The pH values were 4.2, representing stressful
acidiﬁed conditions, and 5.5, which is close to conditions commonly found in the ﬁeld
for both species (Grime et al. 1988). The soil was obtained from a 40 to 60 cm soil layer
at the De Hamert nature reserve (owned and managed by Limburgs Landschap, The
Netherlands), which had a pH of 4.2. In order to raise the pH to 5.5, we added 3.2 g/dm3
Dolokal (Ankerpoort Inc., The Netherlands) containing 95% CaCO3 and 5% MgCO3.
Twice a week, plants were watered with rain water. During the experiment, we measured
the pH of the soil four times, and found that it changed only slightly during this period
(±0.05).
In August 2002, we determined the total biomass of three S. pratensis plants per
family per population per pollination treatment and per soil pH level after drying them for
24 hours at 74 °C. For H. radicata, we recorded the leaf width of the largest leaf and the
number of leaves of all plants, and estimated their total biomass using an equation obtained
from linear regression between dry mass and the product of the width of the largest leaf and
the number of leaves of a subsample of plants from the OUTCROSS1 pollination treatment
(R 2 = 0.71, F1,18 = 41.8, P < 0.001). The length of the ﬂower stalks and the number of ﬂower
heads per stalk were counted after ﬂowering in June and August of 2002 for H. radicata
and S. pratensis, respectively.
Statistical analysis
The eﬀects of pollination treatment (ﬁ xed factor), population (random factor) and family
nested within population (random factor) on seed length, dispersal attributes and terminal
velocity were analyzed with separate two-way ANOVAs for each species. We analyzed the
eﬀects of pollination treatment (ﬁ xed factor), soil pH (ﬁ xed factor), population (random
factor) and family nested within population (random factor) on total biomass, the length of
ﬂower stalks, and the number of ﬂower heads per stalk, using separate three-way ANOVAs
for each species. A Tukey posthoc test was used to determine signiﬁcant diﬀerences between
pollination treatments. Dependent variables were log (terminal velocity) or square (seed
length) transformed to meet ANOVA assumptions.
Linear regression analysis was used to study the eﬀects of population size on dispersal
and plant performance parameters. Population size was log-transformed in these analyses.
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RESULTS
Succisa pratensis
Seed dispersal characteristics
None of the seed dispersal characteristics of the F1-families was signiﬁcantly aﬀected
by the pollination treatments (Table 2). Seed length diﬀered signiﬁcantly between
populations (Table 2), being largest in the smallest population (Table 3), although there
was no signiﬁcant relationship with population size. The pollination treatment x population
interaction was signiﬁcant for terminal velocity (Table 2), indicating that populations
responded diﬀerently. Both seed length and terminal velocity diﬀered signiﬁcantly between
families within populations, and the eﬀects of pollination treatment on these traits varied
signiﬁcantly between families (Table 2). Population size was not related to any of the seed
size and dispersal characteristics.
Table 2 Two-way ANOVAs testing for the eﬀects of pollination treatment (INBRED1, INBRED2,
OUTCROSS1, OUTCROSS2 and OUTCROSS3), population (four populations), family nested
within population, and interacting eﬀects on dispersal traits of S. pratensis and H. radicata.
Factor

d.f.

d.f.

Seed length

Error term MS

Pappus length
F

P

MS

F

Terminal velocity
P

MS

F

P

S. pratensis
Treatment (T)

4

12

0.027

2.62

0.08

–

0.226

1.18

0.37

Population (P)

3

56

0.199

4.12

0.01

–

1.220

1.85

0.15

Family (F)

56

2017

0.048

7.74

<0.001

–

0.659

6.82

<0.001

T×P

12

213

0.010

1.63

0.86

–

0.192

1.99

0.03

T×F

213

2017

0.006

12.77

<0.001

–

0.097

13.40

<0.001

Error

2017

<0.001

0.007

H. radicata
Treatment (T)

4

11

0.037

7.86

0.003

0.295

2.57

0.1

1.978

3.52

0.02

Population (P)

3

51

0.248

4.76

0.005

0.485

0.89

0.46

3.021

2.99

0.04

Family (F)

51

1269

0.052

3.42

<0.001

0.548

4.17

<0.001

1.012

2.10

<0.001

T×P

11

115

0.005

0.31

0.99

0.115

0.87

0.58

0.562

1.66

0.09

T×F

115

1269

0.015

20.38

<0.001

0.132

3.37

<0.001

0.339

1.92

<0.001

Error

1269

0.01

0.039

0.177
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Oﬀ spring performance
Pollination treatment had no eﬀect on any of the traits measured in the F1-families of oﬀspring
(Table 4). Total biomass, the length of the ﬂower stalks and the number of ﬂower heads per
stalk were signiﬁcantly larger for plants in the high soil pH condition (Table 4, Fig. 2). Total
biomass and the number of ﬂower heads per stalk varied signiﬁcantly between populations
(Table 4). The length of the ﬂower stalks of the F1-families varied signiﬁcantly between
populations and families (Table 4) and was positively correlated with population size (R 2 =
0.97, F1,3 = 68.3, P < 0.05) (Table 3, Fig. 3). Population SKD exhibited the highest values of
total biomass, length of ﬂower stalks and number of ﬂower heads per stalk (Table 3). The soil
pH x population interaction was signiﬁcant for total biomass and the length of the ﬂower
stalks, indicating that the soil pH eﬀect was larger for large populations (results not shown).
The pollination treatment x family interaction was signiﬁcant for total biomass and the number
of ﬂower heads per stalk (Table 4). There was no relationship with population size.
Table 3 Means (± SE) of seed size, dispersal and oﬀspring performance traits of the Succisa pratensis
and Hypochaeris radicata populations studied. For population codes see Table 1.
Seed
length (mm)

Pappus
length (mm)

Terminal
velocity (ms -1)

Total
biomass (g)

Stalk
length (cm)

No. heads
per stalk

S. pratensis
SKL
SKM
SKD
SH

4.12 ± 0.31
3.71 ± 0.22
3.90 ± 0.31
3.60 ± 0.23

–
–
–
–

2.02 ± 0.02
1.79 ± 0.02
1.78 ± 0.01
1.75 ± 0.02

7.53 ± 0.30
7.48 ± 0.33
8.36 ± 0.32
7.00 ± 0.22

60.93 ± 2.13
67.15 ± 3.81
73.67 ± 1.68
72.46 ± 1.64

3.31 ± 0.07
3.33 ± 0.10
3.92 ± 0.09
3.03 ± 0.06

H. radicata
HA
HH
HB
HM

4.5 ± 0.04
4.4 ± 0.03
4.8 ± 0.04
5.0 ± 0.04

6.6 ± 0.29
6.9 ± 0.35
7.4 ± 0.23
6.5 ± 0.27

0.54 ± 0.04
0.63 ± 0.05
0.67 ± 0.05
0.71 ± 0.04

2.16 ± 0.10
2.14 ± 0.10
2.40 ± 0.11
2.51 ± 0.12

36.16 ± 0.50
33.12 ± 0.47
34.58 ± 0.45
32.83 ± 0.50

3.44 ± 0.10
2.50 ± 0.06
2.40 ± 0.06
2.46 ± 0.08

Population

Hypochaeris radicata
Seed dispersal characteristics
Pollination treatment signiﬁcantly aﬀected seed length and terminal velocity (Table 2) of
the F1-families. Seed length and terminal velocity were signiﬁcantly larger for INBRED1
progeny than for the rest of the pollination treatments (Fig. 1). Variation among populations
was signiﬁcant for both variables, which tended to decrease with decreasing population size
(Table 3). The only signiﬁcant relationship with population size was found for terminal
velocity (R 2 = 0.96, F1,3 = 45.1, P < 0.05), showing that the smallest population (HA)
exhibited the lowest terminal velocity (Fig 3). Seed length, pappus length, and terminal
velocity varied signiﬁcantly between families within populations, and the pollination
treatment x family interaction was also signiﬁcant for all three variables (Table 2).
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Hypochaeris radicata

Seed length (mm)

0
5.0

a

4.8

b,c

c

bc

b,c

4.6
4.4
4.2
4.0
INBRED2

Terminal velocity (m s-1)

0.75

OUTCROSS2

OUTCROSS1

INBRED1

OUTCROSS3

a

0.70
a,b
0.65

b

0.60

b
b

0.55
0.50
INBRED2
INBRED1

OUTCROSS2

OUTCROSS1

OUTCROSS3

Pollination treatment

Figure 1 Mean (± SE) seed size and dispersal traits for each pollination treatment for Hypochaeris
radicata. Diﬀerent letters at top of bars indicate signiﬁcant diﬀerences between means (Tukey’s
posthoc test, P < 0.05). Pollination eﬀects were not signiﬁcant for Succisa pratensis.

Oﬀ spring performance
None of the performance traits of F1-families of oﬀspring varied signiﬁcantly between
pollination treatments (Table 4). Just as in S. pratensis, biomass, stalk length, and the
number of ﬂower heads per stalk were signiﬁcantly larger in soils with higher pH (Table 4,
Fig. 2). The length of the ﬂower stalks and the number of heads per stalk varied signiﬁcantly
between populations (Table 4). The length of the ﬂower stalks tended to decrease with
increasing population size. The number of heads per stalk was signiﬁcantly larger in the HA
population, which had the smallest size (Table 3), although there was no signiﬁcant overall
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Hypochaeris radicata

Succisa pratensis
3.0

Total biomass (g)

12

2.5

9

2.0

6

1.5
1.0

3

0.5

0

0.0

pH 4.2

pH 5.5

Stalk length (cm)

75

pH 5.5

pH 4.2

pH 5.5

pH 4.2

pH 5.5

38

70
36
65
34
60
32

55
50

30

pH 4.2
No. flower heads / stalk

pH 4.2

pH 5.5

4.0
4.

3.0
3.

3.
3.8

2.9
2.

3.
3.6

2.8
2.

3.
3.4

2.7
2.

3..2

2.6
2.

3.
3.0

2.5
2.

pH 4.2

pH 5.5

Soil conditions

Soil conditions

Figure 2 Mean (± SE) plant traits for each soil type for Succisa pratensis and Hypochaeris radicata.
For statistical results see Table 4.)

relationship with population size. The pollination treatment by population interaction was
signiﬁcant for the length of the ﬂower stalks, but was not related to population size, whereas
the pollination treatment x family interaction was signiﬁcant for total biomass and the
length of the ﬂower stalks (Table 4).
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Table 4 Three-way ANOVAs testing for the eﬀects of pollination treatment (INBRED1, INBRED2,
OUTCROSS1, OUTCROSS2 and OUTCROSS3), soil condition (pH 4.2 and 5.5), population
(four populations) and family nested within population on total biomass, stalk length and number
of ﬂower heads per stalk of Succisa pratensis and Hypochaeris radicata. Three-way interactions were
not signiﬁcant and are not shown.

Factor

d.f.

d.f.

Biomass

Error term

MS

Stalk length
F

P

MS

No. heads
F

P

MS

F

P

S. pratensis
Treatment(T)

4

11

15.17

3.21

0.06

Soil (S)

1

3

2502.14

45.92

0.007

Population (P)
Family (F)
T×S

655.10

2.77

0.08

0.06

0.06

0.99

16,881.81

18.97

0.02

49.39

12.57

0.04
0.001

3

25

71.70

4.15

0.02

6670.66

7.10

0.001 29.51

7.56

25

dferror

17.29

0.91

0.58

939.39

3.30

0.003

3.90

1.44

0.14

4

11

12.35

1.27

0.34

88.57

0.40

0.80

1.28

1.42

0.29

T×P

11

78

4.72

0.26

0.99

236.27

0.92

0.53

1.06

0.42

0.94

T×F

78

dferror

18.19

1.48

0.04

256.93

1.19

0.22

2.54

2.06

0.001

S×P

3

25

55.36

4.21

0.02

889.77

3.61

0.03

3.93

2.65

0.07

S×F

25

dferror

13.15

1.07

0.39

246.27

1.15

0.31

1.49

1.19

0.27

Error

11.59

187.49

1.55

(d.f.)

(527)

(822)

(822)

Factor

H. radicata
Treatment (T)
Soil (S)
Population (P)
Family (F)
T×S
T×P
T×F
S×P
S×F
Error
(d.f.)

d.f. d.f.
Error term

Biomass
MS
F

4
1
3
28
4
12
81
3
28

7.31
1.08
62.07 11.94
5.21
0.62
8.39 2.07
3.11
0.65
6.74
1.70
3.96
1.54
5.19
1.94
2.67
1.04
3.07

12
3
28
dferror
12
81
dferror
28
dferror

(913)

P

0.40
0.04
0.61
0.03
0.64
0.08
0.03
0.15
0.43

Stalk length
MS
F

180.21
0.76
2643.33 54.36
892.01
3.38
263.27 2.25
24.43
0.43
238.66 2.28
104.68 2.30
48.62
0.84
57.68
1.27
62.48
(973)

P

0.57
0.005
0.03
0.006
0.78
0.02
<0.001
0.48
0.28

No. heads
MS
F

5.01
5.19
55.72
6.42
0.37
2.54
2.12
0.29
0.64
1.58
(973)

1.98
17.9
8.68
6.35
0.13
1.20
1.20
0.45
0.36

P

0.16
0.02
<0.001
0.003
0.97
0.30
0.20
0.72
0.10
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Succisa pratensis
Stalk length (cm)

80

70

60

50
1.0

2.0

3.0

4.0

5.0

Population size (log)

Terminal velocity
(m/s)
(m s-1)

Hypochaeris radicata
0.8
0.7
0.6
0.5
0.4
1.0

2.0

3.0

4.0

5.0

Population size (log)
Figure 3 Relationship between population size and mean (± SE) stalk length for Succisa pratensis,
and population size and mean (± SE) terminal velocity for Hypochaeris radicata, based on four
populations per species. Statistical results in Table 4.

DISCUSSION
Eﬀ ects of inbreeding on dispersal-related traits
The eﬀects of pollination treatment on dispersal-related traits diﬀered between the two
plant species. Inbreeding did not aﬀect any of the traits measured for the long-living
Succisa pratensis, while the short-living Hypochaeris radicata clearly showed an increase in
seed length and consequently in terminal velocity under inbreeding. These results are in
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agreement with the prediction that inbreeding might be delayed in long-lived plant species
(Byers and Waller 1999).
A common pattern shared by both species was the signiﬁcant family eﬀect and the
signiﬁcant pollination treatment x family interaction for most of the traits, indicating the
potential of the populations to adapt to new conditions. Family-level variation in inbreeding
levels is a common ﬁnding in experimental hand-pollination experiments, which can be
accounted for by a diﬀerence in genetic load between individuals of the population as a
result of diﬀerent histories of inbreeding (Schultz and Willis 1995, Koelewijn 1998, Picó et
al. 2004). Family-based variation in seed dispersal characteristics might be an indication
that dispersal indeed has a genetic basis.
Seed length of H. radicata increased under inbreeding. Picó et al. (2004) found
that inbred plants of H. radicata showed strongly reduced seed set in two populations
(one of them being population HA used in this study), which has been suggested to be the
consequence of the partly self-incompatible mating system (Luijten et al. 2002, Picó et al.
2004). These results may indicate a trade-oﬀ between seed set and seed size (Crawley 1997),
as inbreeding results in fewer but larger seeds due to allocation of maternal resources to
fewer seeds (Roach and Wulﬀ 1987, Picó et al. 2004). This relationship has, however, not
been consistently reported (Lienert and Fischer 2004).
Terminal velocity in H. radicata is determined by seed size and pappus diameter
(Soons and Heil 2002). Given that selfed H. radicata seeds were larger than outcrossed
seeds, and that pappus size did not vary between pollination treatments, selfed seeds had a
lower dispersal potential (higher terminal velocity) than outcrossed seeds. Thus, selﬁng in
H. radicata negatively aﬀected dispersal by increasing seed size, indicating that dispersal
is an integral part of the genetic erosion process. If it were only inbreeding which acts on
our small populations, the populations should exhibit reduced dispersal ability. However,
we found that the smallest population (HA) had the lowest terminal velocity (i.e. highest
dispersal ability). From this result we conclude that inbreeding may not be of signiﬁcance
in these populations and that genetic drift may have caused the diﬀerences in dispersal
ability between populations of diﬀerent sizes, although maternal eﬀects cannot be excluded
(Picó et al. 2004). However, we must emphasize that seeds comprise a complex of diﬀerent
genetic entities (Shaw and Waser 1994), increasing the diﬃculty of relating eﬀects directly
to seed traits.
Given the fact that interpopulation distances were small enough to be bridged by
H. radicata seed migration (since maximum distances to neighbouring populations in our
study were about 125 m, while seed dispersal distances are up to 400 m according to Soons
et al. 2004) we do not think selection against dispersal due to isolation (Cody and Overton
1996) or in a metapopulation context (Olivieri et al. 1995) occurs. This is also suggested
by the results of a molecular study on populations of H. radicata, which showed that high
levels of seed- and pollen mediated gene ﬂow between the populations are common (Mix
et al. 2006b), indicating that extended migration may undermine the selection process
against dispersal.
Another important parameter facilitating seed dispersal is the length of the ﬂower
stalks (i.e. the height at which seeds are released), as taller stalks have greater chances to
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disperse seeds further away from the mother plant (Soons et al. 2004). Although stalk
length in S. pratensis was not aﬀected by inbreeding, plants from smaller populations
exhibited signiﬁcantly shorter ﬂower stalks than plants from bigger populations, which
might be due to genetic drift. Therefore, smaller populations are expected to show reduced
seed dispersal distances, assuming equal wind speed and vegetation height. However, since
seeds of S. pratensis are not be dispersed by wind beyond 4 m (Soons et al. 2004), it is
questionable whether a reduction in stalk length would seriously aﬀect the seed dispersal
of this species.
Eﬀ ects of inbreeding and soil acidiﬁcation on oﬀ spring performance
Inbreeding did not aﬀect oﬀspring performance in either S. pratensis or H. radicata,
conﬁrming the results of other studies of the same species, which found that selﬁng
mainly reduced the number of seeds produced and that late life-history traits were not
aﬀected by inbreeding depression (Picó et al. 2004 on H. radicata, Vergeer et al. 2004 on
S. pratensis).
Low soil pH had a very clear negative eﬀect on the performance of S. pratensis and
H. radicata oﬀspring. Given that fragmentation often co-occurs with habitat deterioration
in the Netherlands, due to eutrophication, acidiﬁcation and desiccation (Vergeer et al.
2003b), the performance of S. pratensis and H. radicata populations in habitats changing
towards more acidic conditions would drop rapidly. However, most of the performance
traits of both species did not exhibit a signiﬁcant pollination treatment x soil pH
interaction, indicating that inbreeding in these species does not increase their sensitivity
to stress. Although other studies have suggested that eﬀects of inbreeding depression in
plant species are more pronounced under stressful conditions (Dudash 1990, Hauser and
Loeschke 1996, Cheptou et al. 2000), our results clearly show that inbreeding by itself does
not reduce oﬀspring performance under acidic soil conditions.
CONCLUSIONS
Overall, we conclude that oﬀspring performance traits in S. pratensis and H. radicata
are not seriously aﬀected by inbreeding. However, this study has demonstrated that the
dispersal potential of H. radicata may be reduced by selﬁng and genetic drift, indicating
that dispersal is not independent from the genetic erosion process. Variation among seed
families and its interactions with most of the traits may indicate the populations’ potential
to adapt to new conditions. Furthermore, the performance of both species sharply decreased
as soil conditions became more acidic, suggesting that both may decline in number when
acidiﬁcation of their natural habitat continues. However, inbreeding did not aggravate this
process.
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ABSTRACT
Local adaptation is the process of adaptive genetic diﬀerentiation among populations in
diﬀerent environments. Inbreeding and outbreeding also aﬀect genetic diﬀerentiation
among populations and can strongly interact with the process of local adaptation.
Understanding genetic diﬀerentiation and the signiﬁcant roles of inbreeding, outbreeding
and local adaptation of plant populations is essential to develop comprehensive restoration
plans, especially when plant populations become increasingly fragmented and/or
deteriorated due to human activities. This study investigated the eﬀects of inbreeding and
outbreeding on the local adaptation process in populations of two plant species, Succisa
pratensis and Hypochaeris radicata. These two species diﬀer in life history, mating system
and dispersal strategies. For each species, we produced selfed and outcrossed progeny from
two populations. We reciprocally transplanted these lines in the ﬁeld to measure adaptation
to native home sites in terms of growth, clonal propagation, ﬂowering and survival. The
results show that the two species did not exhibit strong local adaptation to their home sites
and that inbreeding did not substantially aﬀect the plant traits we studied. Outbreeding
depression and heterosis were found in H. radicata for several traits, but the impact
diﬀered between the populations. Heterosis eﬀects suggest that purging that follows severe
inbreeding diminishes the genetic basis of the populations. The results suggest that some
local adaptation occurs for H. radicata, but neither inbreeding nor outbreeding did aﬀect
the local adaptation process. These results might have several reasons: Diﬀerences between
sites might be too small to introduce local adaptation or the time span of diﬀerentiation
might be too short.
INTRODUCTION
Genetic diﬀerentiation between plant populations can be caused by various factors, which
may act in concert. Examples of such factors include speciﬁc selection pressures and/or
restricted eﬀective gene ﬂow and genetic drift due to isolation by distance (Huﬀord and
Mazer 2003). As a result, plants can specialise in response to local environmental conditions
(Galloway and Fenster 2000; Miaud and Merilä 2000; Kittelson and Maron 2001; Brown
et al. 2001; Santamaria et al. 2003), and thereby become less well adapted to sites with
diﬀerent environmental conditions (Linhart and Grant 1996; Montalvo and Ellstrand
2000). Understanding the processes of genetic diﬀerentiation and local adaptation of plant
populations and their possible interaction is essential for example to develop comprehensive
habitat restoration plans (Huﬀord and Mazer 2003), especially in cases where plant species
are dramatically aﬀected by fragmentation and/or deterioration of habitats due to human
activities. Introducing foreign genotypes into an extant population may pose various
problems, such as founder eﬀects, genetic swamping and outbreeding depression (Huﬀord
and Mazer 2003). While outbreeding often tends to increase plant ﬁtness (heterosis;
Houle 1994), outbreeding in an adapted population may lead to a decrease in plant ﬁtness
(outbreeding depression) as it can reduce the number of locally adapted loci (Huﬀord and
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Mazer 2003) and/or disrupt co-adapted gene complexes or favourable epistatic relationships
(Lynch 1991).
Habitat fragmentation may increase inbreeding rates among individuals of small
remnant populations by reducing the number of breeding individuals within populations
(Dudash and Fenster 2001). Hence, inbreeding rates and their eﬀects on plant ﬁtness may
play an important role in the process of genetic diﬀerentiation. Inbreeding can strongly
reduce plant ﬁtness due to inbreeding depression as it increases the level of homozygosity
within a population and the expression of deleterious recessive alleles (Ellstrand and Elam
1993; Husband and Schemske 1996; Charlesworth and Charlesworth 1999). Selection
pressure against a lower ﬁtness may decrease the level of genetic variation, which in turn
may reduce the genetic potential of the population to adapt to speciﬁc environments. On
the other hand, inbreeding increases the potential for selection to purge deleterious recessive
alleles. Empirical data, however, suggest that improvements resulting from purging may
not take place easily (Dudash et al. 1997; Koelewijn 1998; Rankin et al. 2002). The level of
inbreeding strongly depends on the mating system of the species, but also indirectly on its
ability to disperse that in turn determines the level of gene ﬂow between populations. The
level of interpopulation gene ﬂow aﬀects the adaptation to diﬀerent local environmental
conditions through genetic diﬀerentiation between populations. The pattern of genetic
diﬀerentiation additionally may be aﬀect by life history and plant characteristics (Linhart
and Grant 1996). Therefore, it is important to understand how inbreeding and outbreeding
aﬀect the local adaptation process of plant species with contrasting life-history traits. We
assume that inbreeding and outbreeding may disrupt the local adaptation process, and
that the increased selection pressure that is the consequence of inbreeding and outbreeding
depression may lower the genetic adaptation potential.
The objective of this study was to investigate the eﬀects of inbreeding and outbreeding
on the local adaptation process in populations of two plant species with diﬀerent life histories,
mating systems and dispersal strategies. The species of study were the long-lived, mixed
mating Succisa pratensis (Dipsacaceae), which can be dispersed by wind over short distances
(Soons and Heil 2002) and the short-lived, mainly outcrossing, long-distance (Soons and
Heil 2002) wind-dispersed Hypochaeris radicata (Asteraceae) Both species occur in nutrientpoor, species-rich grasslands, which have become highly fragmented in the Netherlands due
to intensiﬁed farming since the beginning of the last century (Soons et al. 2005). In this
study we preliminary investigated the possible eﬀects of inbreeding and outbreeding on local
adaptation by producing selfed and outcrossed progeny of plants from two populations.
We then carried out a reciprocal transplant experiment by transplanting seedlings of all
the crossing treatments into home and transplant sites. Such experiments, in which plants
are reciprocally transplanted into their home site and into the transplant site, allow one to
determine diﬀerences between populations due to local genetic adaptation in response to
natural selection (Nagy and Rice 1997). We recorded plant performance, including survival,
growth, clonal propagation and ﬂowering. We address the following questions: (1) Do
inbreeding and outbreeding aﬀect these traits in populations of S. pratensis and H. radicata?
(2) can we measure local adaptation for S. pratensis and H. radicata? (3) what is the role of
inbreeding and outbreeding in the local adaptation process of these two species?
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MATERIALS AND METHODS
Plant species
Succisa pratensis Moench (Dipsacaceae) is a long-lived perennial hemicryptophytic herb that
occurs in nutrient-poor, moist grasslands with pH ranging from 4.5 to 7.5 (Adams 1955).
Genets can live for more than 25 years (Hooftman et al. 2003). The rosettes reach a diameter
of approx. 15 cm and can produce 1–6 ﬂower stalks with heights of 20–100 cm (Billeter
2002). The species reproduces vegetatively through side-rosettes (Hartemink et al. 2004).
Flowers are hermaphroditic and insect-pollinated, with partial self-pollination (Grime et al.
1988). The plants ﬂower during August and September. Flower stalks bear 3–7 dark blue
ﬂower heads. Each hermaphroditic ﬂower head contains up to 100 ﬂorets. The single-seeded
fruits contain up to 5 spines (about 0.6 mm length) which allow dispersal by wind across
short distances (Soons et al. 2004). However, most of the fruits fall close to the mother plant
(Adams 1955). The species has a transient seed bank (Thompson et al. 1997). Germination
takes place in spring after seeds have lain buried in the soil during winter.
Hypochaeris radicata L. subsp. radicata (Asteraceae) is a short-lived, hemicryptophytic
perennial herb that also occurs in nutrient-deﬁcient grasslands, though the species can also
be found at open sites and forest edges. Soil pH conditions range from 4.5 to 5.5 (Grime et
al. 1988). Hypochaeris radicata can reproduce clonally. Genets live for about three years. The
rosettes (20 cm in diameter), which are produced in the second year to replace the rosette
that withers after ﬂowering, produce 3–12 branched ﬂower stalks with heights of 8–30 cm
(Butcher 1961, Aarssen 1981). The ﬂowering period ranges from May to September and
the hermaphroditic, protandric ﬂowers are insect-pollinated. About 20 ﬂower heads can be
produced, bearing more than 100 ﬂorets each (Aarssen 1981). The species is regarded as an
obligatory outbreeder and mainly self-incompatible (Fryxell 1957), although some degree
of self-fertilisation is possible (Hagerup 1954, Aarssen 1981, and Grime et al. 1988, Picó et
al. 2004a, Mix et al. 2006a). The species produces single-seeded fruits that bear a pappus
and are adapted to long-distance dispersal by wind (Soons et al. 2004). The species has no
seed bank and seeds have no speciﬁc germination requirements (Aarssen 1981).
Study sites
We selected two grasslands in the Netherlands exhibiting contrasting abiotic conditions
in terms of nutrient and water availability. Both grasslands contain the two species.
Luttenbergerven (52º 26’ N, 6º 20’ E), called LV hereafter, is a nature conservation area
of about 4 ha. The area is wet, sandy and nutrient-poor due to the presence of calcareous
nutrient-poor groundwater (pH: 4.4, base saturation 81.3%, Ca: 457.0 µmol kg-1 dry weight
(dw), NH4: 28.9 µmol kg-1 dw, NO3: 41.4 µmol kg-1 dw). The area is ﬂooded each year (in
winter and spring) by a 2-cm layer of water. Koolmansdijk (52º 01’ N, 6º 33’ E), called
KMD hereafter, is a nature conservation area of about 1 ha. Due to intensive land use in
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the surrounding areas during the last century, the formerly wet, nutrient-poor meadow
has changed into a more nutrient-rich, dry area dominated by grass species (pH: 4.9, base
saturation 86.4%, Ca: 113.7 µmol kg-1 dw, NH4: 36.1 µmol kg-1 dw, NO3: 66.7 µmol kg-1 dw).
The two sites are mown regularly. Population sizes of S. pratensis in LV and KMD are about
580 and 1500 ﬂowering rosettes, respectively. The distances of the nearest neighbouring
populations to LV and KMD are 0.8 km and 1.2 km, respectively. Population sizes of
H. radicata in LV and KMD are about 1500 and 50,000 ﬂowering plants, respectively. The
distances of the nearest neighbouring populations to LV and KMD are 0.5 and 0.12 km,
respectively. The distance between KMD and LV is about 60 km.
Crossing experiment
We collected seeds of S. pratensis during the summer of 1998, from ﬁve randomly sampled
plants (hereafter called families) for each population studied. Seeds were kept in paper bags
at room temperature until the spring of 1999, when they were sown in 10 cm × 10 cm pots.
Four weeks after germination, one seedling per family (of the ﬁve families per population)
was individually transplanted into 10 cm × 10 cm pots ﬁlled with standard soil mixture.
Plants were grown in a greenhouse without climate regulation and watered regularly until
the summer of 2000, when the crossing experiment in the greenhouse started. The ﬁrst
three ﬂower heads per family were chosen to create three diﬀerent cross lines. A selﬁng line
(INBRED) was obtained, always using the ﬁrst ﬂower with its own pollen. Two outcrossing
lines were created for each family by performing a within-population cross (OUTCROSS1)
with a pollen mixture of 3–4 other families of the same population. In addition, a betweenpopulation cross was performed, using a pollen mixture from 3–4 other families of a third
population located at a distance of about 4 km to the populations of study (OUTCROSS2).
Recipient heads were emasculated prior to hand pollination. At that moment, pistils were still
closed, preventing accidental self-pollination. Heads were pollinated by brushing the pollen
donor head over the recipient head. We bagged all hand-pollinated ﬂower heads during the
treatment to avoid uncontrolled pollinations, and left them bagged until seed harvest.
Seeds of H. radicata were collected in the summer of 1999, from ﬁve randomly
sampled plants (hereafter called families) for each population studied. Seeds were kept
in paper bags at room temperature until the spring of 2000, when they were sown in
10 cm × 10 cm pots ﬁlled with standard soil mixture. Two weeks after germination, one
seedling per family was individually transplanted into 10 cm × 10 cm pots and raised in
the greenhouse under the same conditions as S. pratensis. In H. radicata, the pollen sacs
are connate into the tube. The pollen is pushed out by the growth of the style, which
makes emasculation impossible. Therefore, we conducted the crossing experiment by just
rubbing a ﬂower head with pollen of the same plant (INBRED, full-sib), of a diﬀerent
plant from the same population (OUTCROSS1), and of a plant from a diﬀerent population
(OUTCROSS2). We used the same procedures as for S. pratensis. It must be emphasized
that hand-pollination in H. radicata plants as reported above were successfully conducted
before (see Picó et al. 2004a, Mix et al. 2006a).
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Reciprocal transplant experiment
All seeds produced per pollination treatment per family (5 families, 3 treatments) of each
species were sown in April 2001 in a conditioned greenhouse (16/8 hours day/night, 24ºC).
S. pratensis seeds were sown after a cold period of four weeks at 4ºC. After six weeks, up to
20 randomly chosen seedlings per family, per pollination treatment and per species were
used in the reciprocal transplant experiment (about 300 and 400 seedlings for S. pratensis
and H. radicata, respectively). Seedlings were transported from the greenhouse to the ﬁeld
sites. Since local adaptation can be deﬁned as the signiﬁcant interaction between transplant
site and home site (Huﬀord and Mazer 2003), half of the seedlings produced per pollination
treatment, per family and per species were planted at their home sites (Home KMD and
LV) and the other half at the away site (Transplant KMD and LV). At both sites, seedlings
were planted in a completely randomised design in rows, each containing 10 seedlings at
10 cm intervals. Parallel rows were also placed at 10 cm intervals. To avoid mixing up of
experimental and naturally occurring plants, we chose a transplant site that did not harbour
the species, although individuals naturally occurred nearby. Transplanted seedlings were
marked with a plastic label and their positions were recorded.
In June 2001 and June 2002, we measured plant size as the product of the length of the
longest leaf, its width and the number of leaves. The relative growth rate (RGR) of vegetative
plants was determined as RGR = ln (size t+1) – ln (size t) / ∆t, using the two plant size records
for 2001 and 2002. Flowering was recorded in August 2002 and June 2002 for S. pratensis
and H. radicata, respectively, as the percentage of ﬂowering individuals. We measured the
length of the longest ﬂower stalk, the number of ﬂower stalks and the number of ﬂower heads.
The mean number of ﬂower heads per stalk was computed as the total number of heads per
plant divided by the number of stalks. In October 2002 and May 2003, we recorded plant
survival (percentage surviving individuals). In May 2003, we recorded clonal propagation in
both species, as the percentage of individuals that produced side rosettes.
Statistical analysis
A three-way nested ANOVA model was used to analyse the eﬀects of inbreeding and
outbreeding (pollination treatment – ﬁ xed factor), diﬀerent habitats (home and transplant
site – ﬁ xed factor), local adaptation (interaction between home and transplant site) and the
eﬀects of inbreeding and outbreeding on local adaptation (three-way interaction between
pollination treatment and home and transplant site), as well as diﬀerences between families
(random factor nested within home site) on the RGR of vegetative plants, the length of the
ﬂower stalks and the number of ﬂower heads per stalk. Tukey’s posthoc test was used to
analyse diﬀerences between pollination treatments when this factor was signiﬁcant.
Whenever the double and triple interactions involving pollination treatment,
transplant site or home site were signiﬁcant in the ANOVAs, simple main eﬀects were
computed following Pedhazur (1982) to test the signiﬁcance of pollination treatment
separately for the diﬀerent transplant or home sites.
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The ﬂowering, clonal propagation and survival traits in 2002 and 2003 (presented
as percentages) were recorded as binary data (yes/no). We used logistic regression models
to test the eﬀects of inbreeding and outbreeding, habitat, family, local adaptation and the
eﬀects of inbreeding and outbreeding on local adaptation for these traits. First, we created
a null model that included all factors and interactions. For each factor, we then created
another model that only lacked the factor to be analysed. We then tested whether the
diﬀerence in unexplained variance between the two models (given by the deviance D)
was χ2 distributed with the degrees of freedom resulting from the diﬀerence in degrees of
freedom between models (Koelewijn 1998). When necessary, and prior to analysis, variables
were log transformed to meet ANOVA assumptions.
RESULTS
Succisa pratensis
None of the traits studied was aﬀected by the pollination treatment (Tables 1 and 2),
indicating that no evidence could be found that inbreeding or outbreeding aﬀected the
traits measured. Nor were the double and triple interactions with pollination treatment
signiﬁcant for any of the traits studied (Tables 1 and 2).
Plants introduced at home and transplant sites did not diﬀer in any of the traits
studied (Tables 1 and 2), except for the number of heads per ﬂower stalk, indicating that
diﬀerences between the two habitats only slightly aﬀected the traits measured. The number
of heads per ﬂower stalk diﬀered signiﬁcantly between home sites (Table 1). Plants from
KMD bore fewer heads per stalk (mean ± SE = 2.1 ± 0.1 heads per stalk) than plants from
LV (2.6 ± 0.2).
The interaction between home and transplant sites was not signiﬁcant for any of the
traits measured, indicating that local adaptation was not measurable for S. pratensis in these
populations (Tables 1 and 2).
The triple interaction between pollination treatment and transplant site and home
site was not signiﬁcant for any of the traits measured, indicating that no eﬀect of inbreeding
or outbreeding on local adaptation could be demonstrated for S. pratensis (Tables 1 and 2).
In general, family had no eﬀect on the traits studied (Tables 1 and 2).
Hypochaeris radicata
Pollination treatment signiﬁcantly aﬀected the RGR of vegetative plants (Table 4), which
reached higher values for the two outcrossing treatments than for the selﬁng treatment (Table
3), indicating that inbreeding reduced the RGR of H. radicata, but that outbreeding had
no eﬀect. The other traits studied did not diﬀer signiﬁcantly between pollination treatments
(Tables 4 and 5) thus showing little evidence of inbreeding depression in the species.

Pollination treatment (T)
Home site (HS)
Transplant site (TS)
Family (F)
T × HS
T × TS
HS × TS
T×F
TS × F
T × HS × TS
T × TS × F
Error
(d.f.)

Factor

2
1
1
8
2
2
1
14
8
2
14
dferror
14
dferror
8
dferror
dferror
14
dferror

14
8
8

847.46
691.92
456.11
783.85
336.07
331.76
79.45
242.62
232.31
80.15
238.42
258.51
(315)

3.49
0.88
1.96
3.32
1.38
1.38
0.34
1.10
0.97
0.34
0.92

F

0.06
0.37
0.20
0.13
0.28
0.28
0.58
0.49
0.49
0.72
0.53

P

2
1
1
8
2
2
1
11
7
2
6
dferror
11
dferror
7
dferror
dferror
6
dferror

11
8
7

d.f.
Error term

d.f.

MS

d.f.

d.f.
Error term

Stalk length

RGR

81.12
522.77
400.54
329.24
552.96
138.73
789.41
415.83
234.48
44.92
529.20
357.95
(92)

MS

0.19
1.59
1.71
2.39
1.33
0.27
3.37
0.82
0.45
0.08
1.48

F

0.83
0.24
0.23
0.69
0.30
0.77
0.11
0.63
0.84
0.92
0.19

P

0.62
5.83
0.87
0.64
0.02
0.23
8.32
1.99
1.19
1.12
3.37
1.57
(92)

MS

F

0.31
11.20
0.72
0.39
0.01
0.07
6.97
0.64
0.36
0.33
2.14

No. heads

0.74
0.01
0.42
0.91
0.99
0.93
0.33
0.76
0.89
0.73
0.06

P

Table 1 Three-way nested ANOVA testing the eﬀects of pollination treatment (INBRED, OUTCROSS1, OUTCROSS2), home site (KMD
and LV), transplant site (KMD and LV) and family nested within population on the relative growth rate of vegetative plants (RGR), the length
of the ﬂower stalks, and the number of heads per ﬂower stalk of Succisa pratensis.
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Table 2 Logistic regression models testing the eﬀects of pollination treatment (INBRED,
OUTCROSS1 and OUTCROSS2), home site (KMD and LV) and transplant site (KMD and LV)
on ﬂowering, clonal propagation and survival in 2002 and 2003 of Succisa pratensis plants. Degrees
of freedom (df ), D- values are given (all not signiﬁcant).
Factor

Pollination treatment (T)
Home site (HS)
Transplant site (TS)
Family (F)
T × HS
T × TS
HS × TS
T×F
TS × F
T × HS × TS
T × TS × F

Flowering

Clonality

Survival
2002

Survival
2003

df

D

D

D

D

2
1
1
4
2
2
1
8
4
2
8

2.27
0.05
2.47
1.81
0.07
1.83
0.002
11.85
2.11
1.72
7.78

1.80
1.44
1.20
8.93
0.10
0.001
0.38
3.74
8.59
0.47
5.25

2.21
0.89
0.08
9.01
0.32
3.14
1.04
10.29
6.48
0.19
10.06

2.42
1.35
0.15
8.06
0.33
0.03
0.64
9.76
5.99
0.66
4.35

Stalk length (cm)

KMD

LV

50

50

b

45

a, b

a

45

40

40

35

35

30

a

a,a b
b

30
INBRED

OUTCROSS1 OUTCROSS2

Pollination treatment

INBRED

OUTCROSS1 OUTCROSS2

Pollination treatment

Figure 1 Mean (±SE) ﬂower stalk length (cm) per pollination treatment and per home site in
Hypochaeris radicata. Bars with diﬀerent letters diﬀer signiﬁcantly from one another (Simple main
eﬀect test, P < 0.05).

Although pollination treatment barely aﬀected the traits we measured, the interaction
between pollination treatment (outbreeding) and home site was signiﬁcant for the length
of the ﬂower stalks (Table 4). Signiﬁcant diﬀerences between pollination treatments were
found at both sites (Fig. 1). In KMD, the shortest stalks were recorded for the OUTCROSS2
treatment (Fig. 1), indicating reduced stalk length as a result of outbreeding. In LV, the
longest stalks were recorded for the OUTCROSS2 treatment, indicating that outbreeding
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(i.e. heterosis) increased the stalk length of H. radicata at the LV site. The results also
indicate that eﬀects of outbreeding may diﬀer between sites.
The interaction between pollination treatment and transplant site was signiﬁcant for
survival in 2002 (Table 5). Signiﬁcant diﬀerences between pollination treatments appeared
at KMD but not at the LV site (Fig. 2). At KMD, the highest survival values were found for
the OUTCROSS2 treatment, indicating that outbreeding increased the survival probability
of the species, but that this eﬀect depended on the site (Fig. 2).
Home site had a signiﬁcant eﬀect on the RGR of vegetative plants (Table 4) and
survival in 2002 (Table 5), indicating large diﬀerences between the two sites aﬀecting plant
performance. Plants from KMD had a higher RGR than plants from LV (39.9 ± 3.2 and
19.3 ± 1.4 cm2 × leaf for KMD and LV, respectively). Survival in 2002 exhibited the same
pattern of variation between home sites (80.6 ± 2.3 and 76.0 ± 2.7 % for KMD and LV,
respectively).

Table 3 Mean values (±SE) of life history traits of Succisa pratensis and Hypochaeris radicata per
crossing treatment. Tukey’s test was used to compare means of traits if the crossing treatment had a
signiﬁcant eﬀect (indicated by diﬀerent letters, P < 0.05).

Trait

Cross
INBRED

OUTCROSS1

OUTCROSS2

Succisa pratensis
RGR
Length of stalk (cm)
Flower heads/stalk
Flowering (%)
Clonal propagation (%)
Survival 2002 (%)
Survival 2003 (%)

11.34 ± 4.5
42.65 ± 7.4
2.33 ± 0.5
44.54 ± 12.5
6.47 ± 4.7
84.17 ± 9.6
69.06 ± 12.2

10.10 ± 3.7
37.21 ± 1.4
2.18 ± 0.8
27.54 ± 13.5
2.30 ± 2.1
78.16 ± 8.2
58.62 ± 8.0

15.17 ± 3.1
44.44 ± 2.4
2.51 ± 0.4
49.23 ± 9.2
12.24 ± 7.0
87.76 ± 6.4
68.03 ± 8.2

Hypochaeris radicata
RGR
Length of stalk (cm)
Flower heads/stalk
Flowering (%)
Clonal propagation (%)
Survival 2002 (%)
Survival 2003 (%)

23.78 ± 9.2a
41.42 ± 4.3
3.08 ± 0.6
76.67 ± 14.4
33.09 ± 9.4
75.54 ± 13.2
20.86 ± 7.5

36.55 ± 11.3b
40.33 ± 2.4
2.82 ± 0.3
78.99 ± 11.4
31.37 ± 10.5
75.16 ± 10.1
25.49 ± 7.4

32.96 ± 5.0a,b
40.16 ± 2.0
2.88 ± 0.3
83.54 ± 7.4
30.81 ± 10.2
80.81 ± 11.0
29.24 ± 8.1

Pollination treatment (T)
Home site (HS)
Transplant site (TS)
Family (F)
T × HS
T × TS
HS × TS
T×F
TS × F
T × HS × TS
T × TS × F
Error
(d.f.)

Factor

2
1
1
8
2
2
1
14
8
2
14
dferror
14
dferror
8
dferror
dferror
14
dferror

14
8
8

d.f. d.f.
Error term

RGR

8338.42
54,758.17
16,189.70
3563.32
4135.76
2345.55
4346.35
1235.69
5093.21
3646.55
2757.55
1853.51
(406)

MS

6.75
15.37
3.18
1.00
3.35
0.87
0.85
0.45
1.85
1.32
1.49

F

0.009
0.004
0.11
0.55
0.06
0.44
0.38
0.93
0.15
0.30
0.11

P

2
1
1
8
2
2
1
14
8
2
13

d.f.

dferror
14
dferror
8
dferror
dferror
13
dferror

14
8
8

d.f.
Error term

Stalk length

1.65
599.06
684.69
178.99
547.27
17.89
9.53
30.47
106.20
163.92
121.26
77.38
(279)

MS

0.04
3.35
6.45
10.64
17.96
0.15
0.09
0.26
0.88
1.35
1.57

F

0.96
0.11
0.035
0.76
<0.001
0.86
0.77
0.99
0.56
0.29
0.09

P

1.26
0.30
44.74
4.29
8.46
7.20
1.47
3.11
1.98
2.68
2.60
2.32
(279)

MS

0.41
0.71
22.66
1.72
2.72
2.81
0.75
1.20
0.76
0.92
1.12

F

No. heads
P

0.67
0.42
0.001
0.32
0.10
0.09
0.41
0.36
0.64
0.42
0.34

Table 4 Three-way nested ANOVA testing the eﬀects of pollination treatment (INBRED, OUTCROSS1, OUTCROSS2), home site (KMD
and LV), transplant site (KMD and LV) and family nested within population on the relative growth rate of vegetative plants (RGR), the length
of the ﬂower stalks, and the number of heads per ﬂower stalk of Hypochaeris radicata.
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Table 5 Logistic regression models testing the eﬀects of pollination treatment (INBRED,
OUTCROSS1 and OUTCROSS2), home site (LV and KMD) and transplant site (LV and KMD)
on ﬂowering, clonal propagation and survival in 2002 and 2003 of Hypochaeris radicata plants.
Degrees of freedom (df ) and D values are given. : *** P < 0.001, ** P < 0.01, * P < 0.05, ns non
signiﬁcant.
Factor

Pollination treatment (T)
Home site (HS)
Transplant site (TS)
Family (F)
T × HS
T × TS
HS × TS
T×F
TS × F
T × HS × TS
T × TS × F

df

Flowering
D

Clonality
D

3
1
1
4
3
3
1
11
4
3
11

3.62
0.90
3.03
0.87
4.97
0.95
0.26
21.65**
3.06
1.25
5.90

1.00
0.26
1.24
11.08*
0.66
1.01
0.48
11.83
5.74
0.13
5.47

Survival 2002
D
2.20
7.73**
5.70*
20.28***
1.47
10.05**
6.70**
21.57**
17.10**
2.54
25.05***

Survival 2003
D
0.42
3.64
7.05**
14.47**
1.78
0.98
2.77
2.78
12.44*
2.64
8.70

Transplant site signiﬁcantly aﬀected the length of the ﬂower stalks, the number
of heads per stalk and the two survival probabilities (Tables 4 and 5), indicating large
diﬀerences between the sites that aﬀected these traits in H. radicata. Plants transplanted
to LV signiﬁcantly outperformed those transplanted to KMD in terms of survival in 2002
(Fig. 3). The opposite pattern was found for survival in 2003, the length of the ﬂower stalks
and the number of heads per stalk (Fig. 3).
The interaction between transplant site and home site was signiﬁcant for survival
in 2002. No other trait showed a signiﬁcant interaction between the two sites (Table 5)
indicating that no evidence for local adaptation was therefore found in this species and
populations. Survival of plants from the KMD home site was greater after transplantation
to LV than to KMD, whereas the survival of plants from the LV home site did not diﬀer
between the two transplant sites (Fig. 4).
The triple interaction between pollination treatment and home and transplant sites
was not signiﬁcant for any of the traits measured, indicating that neither inbreeding nor
outbreeding aﬀected the local adaptation process of H. radicata.
Signiﬁcant variations between families and interactions with the family involved
were found for several traits such as ﬂowering, clonal propagation and survival in 2002 and
2003 (Table 5).
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LV

KMD
100

a

Survival 2002 (%)

100
80

b

a, b

a

a

OUTCROSS1

OUTCROSS2

80

a
60

60
40

40

20

20

0

0

INBRED

OUTCROSS1

OUTCROSS2

INBRED

Pollination treatment

Pollination treatment

Figure 2 Mean (±SE) percentage of individuals surviving in 2002, per pollination treatment and
per transplant site in Hypochaeris radicata. Bars with diﬀerent letters diﬀer signiﬁcantly from one
another (Simple main eﬀect test, P < 0.05).

80

100

b

Survival 2003 (%)

Survival 2002 (%)

100

a

60
40
20

80
60
40

a
b

20
0

0
KMD

KMD

LV

Transplant site

Transplant site

4

46

a

42
40

b

38
36
34

No. heads/stalk

Stalk length (cm)

44

LV

a

3

b

2
1
0

KMD

Transplant site

LV

KMD

LV

Transplant site

Figure 3 Eﬀects of transplant site on mean (±SE) percentage of individuals surviving in 2002 and
2003, mean (±SE) stalk length (cm) and mean (±SE) number of ﬂower heads per stalk in Hypochaeris
radicata.
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b

Survival 2002 (%)

100
a

80
a

60
40

a

20
0
KMD

LV

Transplant site
Figure 4 Mean (±SE) percentage of individuals surviving in 2002 per transplant and home site
combination in Hypochaeris radicata. Lines connect mean (±SE) values of the same home site. Values
of KMD are shown as a dashed line, values of LV are shown as a solid line. Bars with diﬀerent letters
diﬀer signiﬁcantly from one another (Simple main eﬀect test, P < 0.05).

DISCUSSION
Eﬀ ects of inbreeding and outbreeding
Overall, our results indicated that pollination treatment had few eﬀects on late life-cycle
traits of S. pratensis and H. radicata. For H. radicata, the relative growth rate of vegetative
plants was negatively aﬀected by inbreeding, likely as a result of inbreeding depression.
These results agree with previous results indicating that inbreeding depression mainly
aﬀects early life-cycle traits, such as seed set, germination and dispersal traits, in both
species (Picó et al.2004a, Vergeer et al. 2004, Mix et al. 2006a). Nevertheless, this study
showed that individual relative growth rates of H. radicata signiﬁcantly decreased as a result
of inbreeding, indicating perhaps late inbreeding depression eﬀects were not detected in
previous studies.
Signiﬁcant interactions between pollination treatment and home or transplant
sites were found for the length of the ﬂower stalk and survival in 2002. In particular, the
between-cross was responsible of such signiﬁcant interactions. Survival is an important
attribute that account for the population dynamics of a plant species whereas ﬂowering
stalk length has been proven to signiﬁcantly inﬂuence seed dispersal distances (Soon et al.
2004). Further analysis showed that the stalk length of plants of H. radicata from KMD
was larger for those individuals transplanted to KMD than for those transplanted to LV
(results not shown). However, our results clearly show that the larger stalk length of plants
from KMD was reduced by outbreeding. We also found proof of heterosis in H. radicata.
Plants of OUTCROSS2 transplanted to KMD were signiﬁcantly larger than OUTCROSS1
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plants, and the stalk length of OUTCROSS2 plants from the LV home site was also larger
than that of OUTCROSS1 plants. The better performance of the OUTCROSS2 plants
of H. radicata suggests that both populations might already be subject to inbreeding and
loss of genetic variation as it was found in an earlier study (Mix et al. 2006a). The limited
evidence of inbreeding eﬀects we found for H. radicata may conﬁrm this suggestion, as the
populations may have purged their genetic load after prolonged inbreeding (Hedrick 1994).
These data are in line with those of other studies which showed, diﬀerent expressions of
inbreeding and outbreeding in diﬀerent environments (Dudash 1990, Henry et al. 2003).
Several traits of study exhibited a signiﬁcant variation at the family level in their
response to pollination treatment. Such family-level variation is a common result reported
in many inbreeding depression studies in plants (Husband and Schemske 1996, Koelewijn
1998, Ouborg et al. 2000, Rankin et al. 2002). It has an important evolutionary implication
since this variation might allow an inbred variant to invade an outcrossing population
(Holsinger 1991, Uyenoyama et al. 1993, Shultz and Willis 1995). The two species diﬀered
in the eﬀects of pollination treatment on life-cycle traits at the family level. In general, the
variation between families and the interactions between family and pollination treatment
were more signiﬁcant in H. radicata than in S. pratensis. In H. radicata, clonal propagation
and survival were the traits that showed the highest family-level variation in the eﬀects of
pollination treatment. Hence, the two H. radicata populations of study include genotypes
that, for important life-cycle traits involved in population persistence, can perform in very
contrasted ways depending on the pollination type, the speciﬁc site and the environmental
conditions of a particular year, features that certainly represents a potential to adapt to
diﬀerent environments. A greater among-individual variation in the eﬀects of pollination
treatment on life-cycle traits in H. radicata could also be seen as a higher genetic potential
to adapt to diﬀerent environments. The higher genetic potential and the higher dispersal
ability of H. radicata compared to S. pratensis would give the former better chances to cope
with the negative eﬀects of habitat fragmentation and deterioration.
Local adaptation
The two home sites in our study diﬀered in water and nutrient availability and the distance
between the two populations of study was large enough to impede direct gene ﬂow (Soons et
al. 2004). Given this scenario, local adaptation might be expected at both sites (Knight and
Miller 2004). Local adaptation is identiﬁed by a signiﬁcant interaction between transplant
site and home site, resulting in a home site advantage (Huﬀord and Mazer 2003). The
only signiﬁcant interaction between transplant site and home site we found was that for
survival in 2002 for H. radicata. However, the analysis of the interaction indicated that
plants from KMD survived better at the transplant site than at the home site, indicating
that neither Succisa pratensis nor Hypochaeris radicata demonstrated local adaptation to
their home sites. This lack of advantage for local populations has also been reported for
other plant species (Rice and Mack 1991; Helenurm 1998). Given that local adaptation
may occur when selection for heritable traits diﬀers from environment to environment

60

Chapter 4

(Knight and Miller 2004), our results suggest that the diﬀerences between the two home
sites were not large enough to result in substantial diﬀerences in local adaptation for the
two species we studied. Moreover, the time span since the change of the abiotic conditions
(from wet to dry and from nutrient poor to nutrient rich during the last century) might be
too short to introduce local adaptation. This is supported by the relatively few diﬀerences we
found between the home sites, with only three out of 14 comparisons showing signiﬁcant
diﬀerences.
Eﬀ ects of pollination treatment on local adaptation
The eﬀects of pollination treatment on local adaptation can be highlighted by a signiﬁcant
interaction between pollination treatment, home site and transplant site (Schmitt and
Gamble 1990). In our study, however, none of these triple interactions were signiﬁcant for
either of the species. This is not surprising given the few eﬀects of pollination treatment on
life-cycle traits and the lack of local adaptation found in this study.
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ABSTRACT
Habitat fragmentation poses a serious threat to plant populations which are prone to be
aﬀected by inbreeding depression. Fragmented plant populations become smaller and more
isolated from each other. Hence, the probability of inbreeding or biparental inbreeding
among extant plants increases, leading to the expression of inbreeding depression that may
aﬀect several plant ﬁtness components. This study examined the eﬀects of repeated inbreeding
on ﬁtness components of the long-lived perennial Succisa pratensis (Dipsacaceae), a plant
occurring in fragmented populations in Europe. Plants from six populations diﬀering in
size were used to establish lines with expected inbreeding coeﬃcients f of 0, 0.5 and 0.75.
The eﬀects of diﬀerent inbreeding levels were measured for seed set, seed mass, percentage
germination and seedling relative growth rate. Seed set decreased following one generation
of inbreeding and seedling growth rate decreased after two generations of inbreeding. The
low signiﬁcance of population on ﬁtness traits could indicate that populations are still
expressing their genetic load prior to fragmentation. Overall, our study indicated that the
mutational load is diﬃcult to purge and that continued inbreeding tends to aﬀect important
traits in S. pratensis, a fact that could jeopardize the viability of populations.
INTRODUCTION
In a context of habitat fragmentation, plant populations become smaller and more isolated
from each other, disrupting gene ﬂow between populations and leading to increasing levels
of inbreeding (Dudash and Fenster 2000). Increased inbreeding can seriously jeopardize
plant ﬁtness, especially for species with high genetic variation and high outcrossing prior
to fragmentation (Dudash and Fenster 2000). The consequences of increasing inbreeding
are manifold. In particular, successive generations of inbreeding decrease heterozygosity,
change genotype frequencies, reduce the amount of genetic variation within populations,
and particularly important, may result in inbreeding depression (Futuyma 1998, Dudash
and Fenster 2000). Inbreeding depression, i.e. the reduction in ﬁtness of selfed compared to
outcrossed progeny, can strongly aﬀect many traits of the life cycle of plants (Charlesworth
and Charlesworth 1990, Husband and Schemske 1996). In the long run, genetic factors
(e.g. inbreeding depression) and demographic processes (e.g. environmental stochasticity)
ultimately determine the viability of fragmented plant populations, which may exhibit
reduced population mean ﬁtness and increased extinction rates (Dudash and Fenster 2000).
Inbreeding depression has not only been considered as a factor that strongly weakens the
vigor of fragmented plant populations, but also as an important evolutionary force (Lloyd
1979, Lande and Schemske 1985, Charlesworth and Charlesworth 1990, Holsinger 1991,
Lande et al. 1994).
Understanding the eﬀects of repeated inbreeding on plant ﬁtness is crucial to assess
the long-term performance of plants in fragmented habitats. Studies of inbreeding depression
in plants customarily compared the ﬁtness of outcrossed progeny to that of progeny derived
from only one generation of inbreeding. This represents a problem because the response
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of plants to increasing levels of inbreeding is ignored and the ability of predicting the
long-term performance of plants growing in fragmented populations is seriously limited.
Multigenerational inbreeding studies have been conducted on annuals, e.g. Eichhornia
paniculata (Pontederiaceae) (Barrett and Charlesworth 1991), short-lived perennials, e.g.
Mimulus guttatus (Scrophulariaceae) (Willis 1993, Dudash et al. 1997), Impatiens capensis
(Balsaminaceae) (McCall et al. 1994), Silene alba (Caryophyllaceae) (Ouborg et al. 2000),
and Plantago coronopus (Plantaginaceae) (Koelewijn 1998), and to a lesser extent long-lived
perennials, e.g. Campanula rapunculoides (Vogler et al. 1999), but so far our knowledge on
the eﬀects of repeated inbreeding on plant ﬁtness is still limited.
Apart from the ecological conclusions to be drawn from the response of plants to
repeated inbreeding, the results of multigenerational inbreeding studies can have important
genetic and evolutionary implications. First, studying the eﬀect of diﬀerent levels of
inbreeding on ﬁtness components can elucidate the genetic basis of inbreeding depression.
It is accepted that inbreeding depression is largely caused by homozygosity of deleterious
recessive alleles, i.e. the partial dominance hypothesis, (Charlesworth and Charlesworth
1999), which allows plants to purge deleterious mutations from the population (Lande
and Schemske 1985, Barrett and Charlesworth 1991, Byers and Waller 1999, Amos and
Balmford 2001). Nevertheless, other genetic mechanisms cannot be ruled out as responsible
for inbreeding depression, e.g. the overdominance hypothesis, which does not result in
eﬀective purging of the inbreeding load (Charlesworth and Charlesworth 1999). Second,
repeated inbreeding can reveal not only the eﬀect of mutation on ﬁtness traits, but also the
way these mutations interact at diﬀerent loci, i.e. epistasis (Kondrashov 1982, Charlesworth
1990, Willis 1993, Koelewijn 1998), which may play a crucial role in evolution, as many
genes individually have little eﬀect but cause important phenotypic changes in combination
(Wu and Palopoli 1994).
The focus of this study is to examine the eﬀects of diﬀerent levels of inbreeding
on ﬁtness components of the long-lived, perennial herb Succisa pratensis Moench.
(Dipsacaceae). In the last decades, the species has experienced a dramatic reduction in
its distribution range across Europe due to the interacting eﬀects of deteriorating habitat
conditions, increasing fragmentation, decreased genetic variation and reduced reproductive
capacity (Vergeer et al. 2003a). Hence, the eﬀects of repeated inbreeding on plant ﬁtness
may ultimately increase extinction probabilities of extant populations. Based on data
obtained from a hand-pollination experiment, we determined the eﬀects of three expected
inbreeding coeﬃcients (f = 0, f = 0.5 and f = 0.75) on ﬁtness components (seed set, seed
mass, percentage germination and seedling relative growth rate) in S. pratensis.
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MATERIALS AND METHODS
Species and study sites
Succisa pratensis is a long-lived, perennial herb widely distributed in Europe. The plant
grows in heathlands, hay meadows and calcareous fens. S. pratensis has the potential to
reproduce vegetatively through the production of side rosettes at the end of short stolons.
The ﬂowering season of this iteroparous herb lasts from late July to October. The plant
produces several branched, ﬂowering stalks (0.3 – 0.5 m height) bearing from one to several
bluish ﬂower heads each. Flower heads contain several hermaphroditic ﬂorets that set singleseeded fruits, though partially or completely male-sterile individuals can also be found.
Study populations were located across The Netherlands (around 52 ° 1 ’N; 6 ° 32 ’E)
where the species mostly occurs in dry grasslands and hay meadows (Table 1). Six populations
diﬀering in population size (50 – 28,000 ﬂowering individuals per population) and degree
of isolation (150 – 4,250 m to the nearest S. pratensis population) were selected.
Table 1 Succisa pratensis populations of study and their main characteristics. Population size is the
approximate number of ﬂowering individuals counted at a single census and degree of isolation is
the distance (m) to the nearest S. pratensis population.

Name

Code

Kooierlaan
Luttenbergerveen
Koolmansdijk
Konijnendijk
Havelte
Nijkampseheide

SKL
SL
SKM
SKD
SH
SN

Population size
50
580
1,500
15,000
25,000
2,8000

Isolation
4,250
800
1,200
380
1,300
150

Experimental crosses
In late summer 1998, seeds from 15 randomly chosen plants were collected in each
population. The sampled plants were separated several meters from each other within each
population. Seeds were stored in paper bags at room temperature. In winter 1999, seeds
were planted in ﬂowerpots (5 × 6 cm) ﬁlled with standard soil mixture and placed in a
greenhouse (20 °C day, 15 °C night, 16 h day length, and kept moist) at the Botanic Garden
of the University of Nijmegen (Nijmegen, The Netherlands). One month after germination,
one seedling per maternal plant (family hereafter) was individually potted (14 × 20 cm) and
placed in an unheated greenhouse (90 plants overall). It must be emphasized that we only
used plants bearing hermaphrodite ﬂowers and male-sterile individuals were excluded from
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the experiment. In summer 2000, plants were self-pollinated. Part of the resulting inbred
seeds was immediately sown to raise F1 plants with one generation of inbreeding. The
number of families per population that produced F1 progeny were 9, 8, 8, 6, 6 and 6 for the
SN, SKL, SH, SKM, SKD and SL populations, respectively. In summer 2001, F1 plants
and their respective mother plants were hand-pollinated. The soil of the ﬂowerpots was
renewed to avoid nutrient deﬁciency. We produced outcrossed (F0, expected inbreeding
coeﬃcient f = 0) and inbred (F1, f = 0.5) progeny from the mother plants, and F1 plants
were self-pollinated to obtain seeds with two generations of inbreeding (F2, f = 0.75).
To produce inbred and outcrossed progeny, four ﬂower heads of each mother plant
were selected (258 ﬂower heads overall). Two of them were self-pollinated with pollen of
the same plant while the other two were cross-pollinated with pollen of diﬀerent plants
within the same population. On F1 plants, two ﬂower heads were also self-pollinated. Prior
to hand-pollination, ﬂower heads were emasculated to control the origin of the pollen in
all pollinations. Treatments were carried out by gently rubbing one ﬂower head against
another one. One head always acted as the pollen donor and the other as the recipient head.
All treated ﬂower heads remained bagged during and after hand-pollinations until seed
ripening and harvesting.
In September 2001, seeds from all three hand-pollination treatments (around 3500
seeds) were collected for families that produced matched progeny (outcrossed seeds, seeds
with one generation of inbreeding, and seeds with two generations of inbreeding). The ﬁnal
number of families with matched progeny was 8, 6, 5, 4, 3 and 3 for the SKL, SN, SKM,
SKD, SH and SL populations, respectively. All resulting seeds were counted, and ﬁlled
seeds were counted, separated and weighed. The seed set (ﬁlled seeds / total seeds) and
individual seed mass (total weight of ﬁlled seeds / number of ﬁlled seeds) per ﬂower head
were calculated. Seeds were chilled at 4 °C for one month as low temperatures enhance
germination in this species. Afterwards, seeds (10 – 61 seeds per family and treatment)
were potted (15 × 15 cm) and percentage germination one month after sowing (in the
same conditions as described above) recorded. In winter 2002, ﬁve seedlings per family
and treatment (overall 60 seedlings, see below) were individually potted (15 × 15 cm).
Immediately after transplantation, the number of leaves and the length of the largest leaf
were recorded. The same measures were recorded three weeks after transplanting. The
seedling relative growth rate (RGR) was computed as the diﬀerence between products of the
log number of leaves and the log length of the largest leaf between censuses. For S. pratensis,
this product represents a good estimator of total biomass measured as dry weight (linear
regression; R 2 = 90.9%, F1,74 = 738.5, P < 0.0001). Given that seedling establishment is
a key life-cycle stage for a long-lived perennial that determines recruitment rates of new
individuals into the populations, we did not record plant performance on adult stages.
Statistics
Although there were two ﬂower heads per treatment and family, we only used one ﬂower
head per treatment and family in the analyses because some hand-pollinations failed in
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some families and treatments (45 out of 258 ﬂower heads treated failed). Hence, family was
not included in the analyses (as a random factor nested within population), and we used the
values (for seed set, seed mass and percentage germination) from only one ﬂower head per
treatment and family as the replicate in the analysis. When both ﬂower heads per treatment
succeeded, we chose the ﬂower head with the highest seed set because this indicated the
maximum seed set value that plants could achieve under each treatment. We preferred to
use the maximum value rather than the minimum or the mean of the two ﬂower heads
because we suspected that several low seed set values were caused by pollination failures.
We discarded those families on which the two hand-pollinated ﬂower heads per treatment
failed to avoid an incomplete experimental design. As a result, the ﬁnal number of families
included in the analyses was 29 (3 – 8 families per population across the six populations
of study).
The eﬀect of inbreeding level and population (both ﬁ xed factors) on seed set was
analyzed with a two-way ANOVA. To examine the eﬀect of inbreeding level and population
on seed mass and percentage germination, we performed a two-way ANCOVA with seed
set as the covariate. This approach allowed us to test the eﬀects of the trade-oﬀ between
seed number and seed performance in terms of weight and germination. The assumption
of parallel slopes necessary for using covariates was examined with three-way interaction
terms. The triple interaction between inbreeding level, population and seed set was found
to be non-signiﬁcant for both seed mass and percentage germination. When appropriate,
diﬀerences between inbreeding levels or populations were tested with Fisher PLSD posthoc tests.
Given the low germination rates obtained (most families produced 1 – 3 seedlings
in one or two treatments) we could not use the same design to test the eﬀects of inbreeding
level and population on seedling establishment. In fact, only four of 29 families used in
the experiment produced more than ﬁve seedlings per treatment. Consequently, oneway ANOVAs testing for the eﬀect of inbreeding level on seedling RGR were performed
separately for each family. When appropriate, variables were arcsin-square root transformed
(for seed set and percentage germination) or log-transformed (for seed mass and seedling
RGR) prior to analysis to improve normality and homogeneity of variances.
Our experimental design allowed the detection of the relationship between ﬁtness
components and inbreeding level. At the population level, this relationship can be analyzed
by calculating the linear and quadratic terms of the relationship between log-transformed
ﬁtness components and inbreeding level (Willis 1993, Koelewijn 1998). A signiﬁcant
nonlinear term of the quadratic regression indicates that the eﬀects of mutations do not
act in a multiplicative fashion. Nonlinear negative coeﬃcients mean that synergistic or
reinforcing epistasis is occurring whereas nonlinear positive coeﬃcients can be due to
diminishing epistasis and/or purging of partially deleterious alleles (Willis 1993, Koelewijn
1998). Synergistic epistasis implies that ﬁtness declines at a greater than linear rate
(Koelewijn 1998). We performed quadratic regressions between inbreeding level and those
traits that showed a signiﬁcant inbreeding level eﬀect.

Repeated inbreeding in Succisa pratensis

67

RESULTS
Seed set signiﬁcantly diﬀered between inbreeding levels (Table 2). Outcrossing (f = 0) led to
seed set values higher than 50% that were signiﬁcantly higher than those of the two levels
of inbreeding (f = 0.5 and f = 0.75) (Fig. 1). The two inbreeding levels did not signiﬁcantly
diﬀer from each other (Fig. 1). Seed mass and percentage germination were not signiﬁcantly
aﬀected by inbreeding levels (Table 2). On average, seeds weighed around 2 mg (mean ± SE
for f = 0, 1.97 ± 0.10 mg; f = 0.5, 2.03 ± 0.09 mg; f = 0.75, 2.09 ± 0.08 mg) and percentage
germination was around 22% (mean ± SE for f = 0, 22.1 ± 3.5%; f = 0.5, 23.7 ± 4.2%;
f = 0.75, 19.1 ± 3.3%). There was no signiﬁcant interaction between inbreeding level and
population, and only seed mass signiﬁcantly varied between populations (Table 2). In fact,
population SH and SKL exhibited the highest seed mass values (mean ± SE = 2.66 ± 0.15
and 2.06 ± 0.07 mg for population SH and SKL, respectively), which signiﬁcantly diﬀered
(Fisher PLSD post-hoc test; P < 0.05) from the rest of populations (mean seed mass ranged
1.85 – 1.99 mg). Seed set, the covariate in the ANCOVAs, signiﬁcantly aﬀected seed mass
and percentage germination (Table 2), and the relationship between the covariate and both
traits was negative (regression coeﬃcient r = -0.54 and -0.32 for seed mass and percentage
germination, respectively).
Table 2 Two-way ANOVA and ANCOVAs for inbreeding level ( f = 0, f = 0.5 and f = 0.75) and
population on seed set, seed mass and percentage germination of Succisa pratensis seeds. Seed set is
used as a covariate for seed mass and percentage germination. Seed set and percentage germination
were arcsin-transformed while seed mass was log-transformed prior to analyses. Degrees of
freedom (df ) and F-values are given. Signiﬁcance: ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, nonsigniﬁcant.

Seed set

Seed mass

Germination

Source

df

F

df

F

df

F

Seed set
Inbreeding level (I)
Population (P)
I×P
Error

–
2
5
10
81

–
3.76 *
1.21 ns
1.43 ns

1
2
5
10
65

18.08 ***
0.42 ns
2.94 *
0.63 ns

1
2
5
10
65

7.83 **
1.09 ns
1.59 ns
0.60 ns

The examination of the eﬀects of inbreeding levels on seedling RGR using one-way
ANOVAs separately for each of the four families considered resulted in two contrasted
patterns. Two families, belonging to diﬀerent populations, showed signiﬁcant diﬀerences
in seedling RGR between inbreeding levels whereas the other two did not (Table 3).

Chapter 5

68

When diﬀerences between inbreeding levels were signiﬁcant, results showed that seedling
RGR values of f = 0.75 progeny were lower than those of f = 0 and f = 0.5 progeny, which
did not signiﬁcantly diﬀer from each other (Fig. 2).
a

60

Seed set (%)

50

b

b

F1

F2

40
30
20
10
0
F0

Inbreeding level

Figure 1 Mean (± SE) seed set of Succisa pratensis for three inbreeding levels (F0, f = 0; F1, f = 0.5;
and F2, f = 0.75). Diﬀerent letters on top of the bars indicate that means diﬀered from one another
(Fisher PLSD post-hoc test, P < 0.05).

SH-24

SKL-15

SKL-21

a

7

Seedling RGR (leaf cm day -1)

SH-6

a
6

a

5

a

b

4
3
b
2
1
F0

F1

F2

Inbreeding level

Figure 2 Mean (± SE) seedling relative growth rate (RGR) of Succisa pratensis for four families in
each inbreeding level (F0, f = 0; F1, f = 0.5; and F2, f = 0.75). Diﬀerent letters on top of the bars
indicate that means diﬀered from one another (Fisher PLSD post-hoc test, P < 0.05). Bars with no
letters mean that no signiﬁcant eﬀect of inbreeding level on seedling RGR for those families. Plant
codes as in Table 3.
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The quadratic regression analyses using expected inbreeding coeﬃcients to predict
ﬁtness components were performed for seed set (the only trait that showed a signiﬁcant
inbreeding level eﬀect; Table 2) by pooling all plants from all populations since the
population eﬀect was non-signiﬁcant (Table 2). Results revealed signiﬁcant negative linear
and positive quadratic coeﬃcients for seed set (Table 4). The signiﬁcant negative linear
coeﬃcient agrees with the ANOVA results above, as seed set decreased with inbreeding
level. In contrast, the signiﬁcant positive quadratic coeﬃcient indicated that diminishing
epistasis and/or purging of deleterious alleles occurred as inbreeding level increased.

Table 3 One-way ANOVAs for inbreeding level (f = 0, f = 0.5 and f = 0.75) on relative growth rate
(RGR) of four Succisa pratensis families. Degrees of freedom were 2 for the factor and 12 for the
error in all four ANOVAs. Family codes indicate the population of origin (see Table 1) and family
number. F-values are given. Signiﬁcance: **, P < 0.01; *, P < 0.05; ns, non-signiﬁcant.

Family code

F-value

SH – 24
SH – 6
SKL – 15
SKL – 21

4.51 *
0.23 ns
10.07 **
0.43 ns

Table 4 Linear and quadratic coeﬃcients and statistics of the regressions on expected inbreeding
coeﬃcients (f = 0, f = 0.5 and f = 0.75) for seed set in Succisa pratensis.

Term

Coeﬀ.

t-value

P-value

Regression statistics

Linear
Quadratic

-0.61
0.14

-2.41
2.76

0.018
0.026

R 2 = 7.34, F2,81 = 3.22, P = 0.045
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DISCUSSION
The results showed that, for seed set, the progeny from the two levels of inbreeding performed
consistently less well than the outcrossed progeny, and that there were no diﬀerences
between the two generations of inbreeding. This result suggests that continued inbreeding
is insuﬃcient to further reduce the genetic load for seed set. Our results for S. pratensis agree
with accepted theory that the component of the load due to mildly deleterious mutations
would be hard to purge in long-lived perennials (Byers and Waller 1999). This conclusion
is also supported by the signiﬁcant negative linear coeﬃcient that indicated the decline in
seed set with increasing inbreeding level. Although the positive quadratic coeﬃcient was
also signiﬁcant, which would indicate that diminishing epistasis or eﬀective purging of
deleterious alleles occurred as the inbreeding level increased (Willis 1993, Koelewijn 1998),
the linear coeﬃcient provided a signiﬁcantly better ﬁt indicating that purging is unlikely to
occur for seed set in S. pratensis.
It is widely accepted that the partial dominance hypothesis represents the main
genetic basis of inbreeding depression. Under this hypothesis, outcrossed progeny are
expected to perform better than inbred progeny because recessive alleles are masked in a
heterozygous condition (Johnston and Schoen 1995, Charlesworth and Charlesworth 1999).
The overdominance hypothesis represents the alternative hypothesis in which heterozygote
advantage is broken down at many loci over generations of inbreeding (Charlesworth and
Charlesworth 1999). In the case of S. pratensis, it has been shown that there was no purging
for seed set from one to two generations of inbreeding. Hence, purging of deleterious
recessive mutations alone (i.e., the partial dominance hypothesis) cannot explain the
patterns of inbreeding depression for seed set observed in this study (see another example
in Latta and Ritland 1994). Other multigenerational inbreeding studies also indicated that,
although results are congruent with the partial dominance hypothesis, overdominance
cannot be ruled out as an explanation for the diﬀerential progeny performance throughout
the breeding program (Barrett and Charlesworth 1991, Dudash et al. 1997, Koelewijn
1998).
The growth rate of S. pratensis seedlings also showed signiﬁcant diﬀerences between
inbreeding levels. When signiﬁcant, seedling growth rate decreased after two generations
of inbreeding but not following one generation of inbreeding. These results suggest that
inbreeding depression for seedling growth rate is determined by deleterious alleles that need
more than one generation of inbreeding to aﬀect this trait. The results presented for the four
families available at this stage of the experiment are consistent with other multigenerational
inbreeding studies that showed the great family-level variation in inbreeding depression
through the breeding program (Dudash et al. 1997, Koelewijn 1998, Ouborg et al. 2000,
Picó et al. 2004b). In S. pratensis, two families exhibited inbreeding level eﬀects, whereas
the other two did not. Variation among maternal families in inbreeding depression can
be expected if plants diﬀer in the number of recessive alleles that they carry, which is
likely caused by diﬀerences in the breeding history of individuals that determine the
accumulation of mutations among maternal families (Koelewijn 1998). Theoretical models
have demonstrated that family-level variation in inbreeding depression is necessary to
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predict the evolution of mating systems within populations, in particular whether a selﬁng
variant can invade a particular population through maternal line improvement (Holsinger
1988, 1991, Uyenoyama et al. 1993).
Seed mass and percentage germination were not signiﬁcantly aﬀected by inbreeding
levels. Interestingly, the results clearly indicated a trade-oﬀ between seed set and these
two traits: high seed sets led to low seed mass and germination rates, surely as a result of
an internal reallocation of resources (i.e. maternal eﬀects). Hence, inbreeding depression
decreased seed set in S. pratensis but such a decrease led to increasing mass and germination
rates of inbred seeds. Trade-oﬀ relationships are a common result in plant ecology studies
and strongly determine the performance of plant populations (Crawley 1997). In the case
of S. pratensis, this trade-oﬀ could cancel out the negative eﬀects of inbreeding depression
on seed set in the short term. Inbred plants with one of two levels of inbreeding exhibited
reduced seed set but resulting seeds had higher germination rates. However, inbred plants
seem to carry deleterious mutations that dramatically decrease ﬁtness by reducing seedling
growth rates following two generations of inbreeding.
Recent studies on the eﬀects of habitat fragmentation on performance of Swiss and
Dutch S. pratensis populations showed that small population size and spatial isolation reduce
several ﬁtness components and decrease population viability (Hooftman and Diemer 2002,
Hooftman et al. 2003a, Vergeer et al. 2003b). These studies clearly indicate that the species
has natural low germination rates and that germination rate and the proportion of seedlings
sharply decrease with decreasing population size (Hooftman and Diemer 2002, Vergeer
et al. 2003a). Several factors may act in concert to decrease seedling recruitment in small
S. pratensis populations, such as deteriorating habitat conditions (Hooftman and Diemer
2002, Hooftman et al. 2003a, Vergeer et al. 2003a, Mix et al. 2006a). The results presented
in the present study showed that inbreeding depression also accounts for this result, ﬁrst,
because seed set decreases after one generation of inbreeding, and second, because seedling
growth can be reduced after two generations of inbreeding.
It must be noted that S. pratensis populations in fragmented Dutch landscapes still
exhibit relatively high mean genetic diversity (Vergeer et al. 2003a), surely as a result of
inbreeding depression and selection against unﬁt individuals. In the S. pratensis populations
of study, only seed mass signiﬁcantly diﬀered between populations. Nevertheless, the
pattern of variation was unclear since a small (SKL) and a large (SH) population produced
the heaviest seeds. The SH population is one of the largest, so high outcrossing rates would
explain the high performance in seed mass. Given that the results of this study indicated
that purging is unlikely to occur in S. pratensis, the long life span of the species could
represent a parsimonious explanation for the low signiﬁcance of population found in this
study, and the fact that a small population performed as good as a large population for
seed mass. The long life span of S. pratensis can imply that populations are still expressing
the genetic load prior to disturbance, which could also explain the lack of signiﬁcance of
population on the rest of ﬁtness traits of S. pratensis.

72

ACKNOWLEDGMENTS
The authors thank P. Vergeer for helpful comments on an early draft of the manuscript.
The staﬀ of the Botanic Garden of the University of Nijmegen provided valuable logistic
assistance at diﬀerent phases of this study. FLOS (NWO project 805 − 33 − 451) and
TRANSPLANT (EVK2 − 1999 − 00004) research programs supported this research.

Chapter 6
Isolation and characterization of highly
polymorphic microsatellite markers in
Hypochaeris radicata (Asteraceae)
Carolin Mix, Paul Arens, Joop Ouborg, René Smulders

Molecular Ecology Notes (2004)4: 656-658

74

Chapter 6

ABSTRACT
We developed ﬁve highly polymorphic dinucleotide microsatellite loci for the grassland
species Hypochaeris radicata (Asteraceae). Polymorphism of these markers was examined
in six populations in the Netherlands. All loci were polymorphic in all populations.
The number of alleles per locus varied between 18 and 43. Expected heterozygosity was
between 0.86 and 0.91. Cross-species ampliﬁcation was tested in six Hypochaeris species
and was successful for three diﬀerent loci in four species. These microsatellites are a useful
tool in population genetic, dispersal and metapopulation studies or in testing levels of
inbreeding.
INTRODUCTION
Hypochaeris radicata L. subsp. radicata is a widespread rosette herb occurring in sandy
grasslands (Grime et al. 1988). The species has no seed bank, is short-lived and mainly
outcrossed, however some levels of selﬁng have been reported (Picó et al. 2004a). Fruits are
equipped with a plumose pappus that is mostly attached to a beak, enabling long-distance
seed dispersal by wind (Soons et al. 2004). These characteristics make it suitable as a model
species in metapopulation studies, in studies on selection on dispersal behaviour and in
studies assessing levels of inbreeding. We have developed microsatellite markers for this
species to be able to investigate the genetic consequences of habitat fragmentation, since
fragmented habitats are a seriously threat to plant population persistence (Young et al.
1996).
MATERIAL AND METHODS
DNA of three individuals was isolated using DNeasy Plant Mini Kit (QIAGEN).
Microsatellite loci were developed on Mbo I digested genomic DNA of H. radicata using
an enrichment procedure (Karagyozov et al. 1993). The (GA) and (GT) repeat-enriched
libraries were constructed according to Arens et al. (2000) with the modiﬁcations as
described in Arens et al. (2004). Escherichia coli clones containing pCRII-TOPO vector
with a DNA fragment that hybridised to synthetic (GA) or (GT) repeats were sequenced
using SequiTherm EXCELTM DNA Sequencing Kit-LC and protocol of EPICENTRE
Technologies (Inc.) on a Li-cor 4000L (LI-COR, Inc.). During sequencing IRD-800 dyelabelled M13 primers were used.
Primer pairs were designed for 15 microsatellite loci using PRIMER3 (Rozen and
Skaletsky 2000). Polymerase chain reactions (PCR) were performed in 20 µl containing 4
ng DNA (2ng DNA for HrGA9 and HrGT4), 1.5 to 4.0 mM MgCl2 (see Table 1), 1 U Red
Hot Taq DNA polymerase (Abgene), 2 µl 10x Reaction buﬀer (included in Taq batch), 200
µM of each dNTP, and 1 pmol of each primer (the forward primer was always labelled with
700 IR dye). Ampliﬁcations were performed on a T3 Thermocycler (Biometra). Except for

1

(GA) 61

HrGA10

(GT)25

HrGT4

F: CAACCCCCTCTCTTCCTTTC
R: CACCACCACCAACACAAAAC
F: CCGGAAAACAGGAGAGTCAT
R: ACCACCACAGAACTCCGGTA
F: GGACACTCTCATCCCCATCT
R: GTGTGTTGGGAGGTGTTGGT
F: GATTCGAGCAGGAAGAGACG
R: ACAAAATAGGCGCGGTTCTA
F: TGTTTGCTCCTGTTGTGCAT
R: CCACCACTGTGGCTGAATTT

Primer sequence (5’-3’)

2.0
4.0
2.5

62
55

3.0

TD1
52

1.5

(mM)

MgCl 2

61

temperature (°C)

Annealing

Touch-Down protocol (decrease of 0.5°C/cycle from 60°C to 50°C)

(GA)24

HrGA14

HrGA12 (GA)26

(GA)19

motif

Repeat

HrGA9

Locus

149-211

160-230

142-240

116-226

104-142

(bp)

Size range

18

37

26

29

31

A

0.87

0.82

0.94

0.78

0.80

HO

0.89

0.88

0.91

0.86

0.88

HE

AY650909

AY650908

AY650907

AY650906

AY650905

Accession no.

GenBank

Table 1 Characteristics of ﬁve microsatellite loci in Hypochaeris radicata and genetic diversity in six populations. Primer sequences (F, forward;
R, reverse), annealing temperature, MgCl2 concentration, size range, mean number of alleles per locus (A), overall means of observed (HO )
and expected (HE ) heterozygosity is given.
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HrGA10, PCR cycles followed the proﬁle: 1 cycle 5 min 94° pre-denaturing, 40 cycles (in
the case of HrGA9, 35 cycles) 45 s 94° denaturing, 45 s at annealing temperature (Table
1), 1 min 72° extension, and a ﬁnal extension at 10 min 72°. For HrGA10 temperature
was decreased from 60°C to 50 °C with 0.5°C decrease per cycle following a Touch Down
protocol. Fragments were analysed on the Li- cor 4200 IR 2 DNA analyser (LI-COR, Inc.)
using LI-COR size standard IR Dye 50-350 bp. Bands were scored using the SAGAGT
software (LI-COR, Inc.).
RESULTS AND DISCUSSION
Two primers (HrGA7, a (GA)28 repeat, Accession no. AY650910 and HrCAGA a
(CA)14(GA)9 repeat, Accession no. AY650911) did not show polymorphism in a test set of
12 randomly chosen plants, while eight primers produced products of unexpected sizes or
many stutter bands.
Five primer pairs showed unambiguously scorable patterns and were tested on 30
plants from six populations. The ﬁve loci turned out to be highly polymorphic, having from
18 to 43 diﬀerent alleles (Table 1). A signiﬁcant genotypic association was found for one
out of the 10 pairs of loci: HrGA9 and HrGA12 (P = 0.0013), as tested using GENEPOP
3.4 (Raymond and Rousset 1995). The program was also used to test for Hardy-WeinbergEquilibrium (HWE). Except for HrGA12 not locus was found to be in HWE. In the

Table 2 Cross-species ampliﬁcation with Hypochaeris radicata microsatellite primers
Locus
Species

Sample origin

HrGA9

HrGA10

HrGA12

HrGA14

HrGT4

H. salzmanniana

Cádiz, near Barbate (Spain)

-

+1

++1
1

-

-

H. salzmanniana

Cádiz, near Palmones (Spain)

-

++

++1

-

-

H. salzmanniana

Mamora forest (Morocco)

++

++1

++1

-

-

H. echegarayi

Cañuma (Bolivia)

-

-

+2

-

-

H. variegata

Sierra de la Ventana (Argentina)

-

-

++1

-

-

H. albiﬂ ora

Sarmiento (Argentina)

-

-

++1

-

-

H. palustris

Cerro Tronador (Argentina)

-

-

-

-

-

H. apargioides

Yumbel (Chile)

-

-

-

-

-

Ampliﬁcation tests on 2 individuals per species: ++ very good ampliﬁcation, + weaker ampliﬁcation,
- no ampliﬁcation;
1
indicates polymorphic bands between individuals,
2
indicates individuals
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populations, expected and observed heterozygosities varied between 0.78 and 0.94 as
estimated in FSTAT, v. 2.9.3 (Goudet 1995). Results show that the microsatellites will
be useful tools to analyse the inﬂuence of landscape structure and land use intensity in
agricultural landscapes on genetic diversity within and among populations of this species.
Cross-species ampliﬁcation was investigated for two samples from six diﬀerent
species of the genus Hypochaeris using the loci and PCR conditions of H. radicata. Results
are summarized in Table 2. Successful ampliﬁcation for most of the species was obtained
for locus HrGA12, while H. salzmanniana also showed ampliﬁcation for the loci HrGA9
and HrGA10 (Table 2).
ACKNOWLEDGEMENTS
We thank Ramses Rengelink, Hans de Jong en Annemiek Wernke for their assistance
in the lab. We are grateful to Karin Tremetsberger (University of Vienna) for samples of
other Hypochaeris species. Vincent Castric provided helpful comments to improve the
manuscript. The research was supported by the Netherlands’ Organisation for Scientiﬁc
Research (NWO project 805-33-451) and by the European Community (TRANSPLANT
project, EVK2-1999-00042).

78

Chapter 7
Regional gene ﬂow and population structure
of the wind-dispersed plant species
Hypochaeris radicata (Asteraceae)
in an agricultural landscape
Carolin Mix, Paul Arens, Ramses Rengelink, René Smulders,
Jan van Groenendael, Joop Ouborg

Molecular Ecology (2006) 15: 1749-1758

80

Chapter 7

ABSTRACT
Using microsatellites, we investigated population structure and gene ﬂow of the short-lived,
wind-dispersed plant species Hypochaeris radicata in a fragmented agricultural landscape
where more than 99% of the nutrient-poor grasslands have disappeared over the last century.
We sampled populations in the few remaining high density populations in conservation
areas, as well as individuals that occurred, with lower densities, in linear landscape elements,
at two spatial scales. In a re-inventory of the landscape, after 3 years, both extinctions and
colonisations of populations were observed. Contrary to expectations, no diﬀerences in
genetic diversity between high and low density populations were observed. Both types of
populations had relatively high levels of diversity. Overall genetic diﬀerentiation (θ ) was
0.04 and signiﬁcantly diﬀerent from zero (P < 0.01). A signiﬁcant isolation-by-distance
pattern was found when all populations were simultaneously analysed (r = 0.24, P = 0.013).
Isolation-by-distance was (marginally) signiﬁcant at the small scale (r = 0.32, P = 0.06),
whereas non-signiﬁcant at the large spatial scale (r = -0.05, P = 0.66). An maximizationof-explained-variance procedure resulted in a threshold distance of 3.5 km above which
populations were eﬀectively genetically isolated. An additional partial exclusion Bayesianbased assignment test showed that overall 32.3% of the individuals were assigned to their
population of origin, 48% were assigned to another population in the area and 19.7%
were not assigned. Together these results suggest high levels of gene ﬂow. Seed dispersal
contributes to the observed gene ﬂow up to several hundred meters, which is higher than
previously modelled using aerodynamic models on seed dispersal of H. radicata. We discuss
the consequences of these results for evaluation of the probability of persistence of this
species in the fragmented landscape.
INTRODUCTION
Habitat fragmentation is generally recognized as a major threat to plant population
persistence. A progressive reduction of suitable habitats has led to smaller populations
separated by often unbridgeable unsuitable habitats. As a result, populations face the
consequences of demographic, environmental and genetic stochasticity (Schaﬀer 1987),
increasing the probability of extinction (Lande 1993, Schemske et al. 1994). Genetic
stochasticity, for instance, can negatively aﬀect population persistence. Random changes
in allele frequencies can lead to a loss of alleles or to the ﬁ xation of deleterious mutations,
resulting in reduced genetic diversity (Hartl and Clark 1989) and lower ﬁtness of the
oﬀspring (Byers and Waller 1999). The result is genetic divergence between populations and
an alteration of regional population structure and metapopulation dynamics (Hutchison
and Templeton 1999).
Gene ﬂow can counterbalance the reduction in genetic diversity of individual
populations by bringing in new genetic material through seeds and pollen (Young et al.
1996). Dispersal of genetic material through seeds enables the founding of new populations,
while dispersal through pollen can bridge existing populations, often over larger distances.
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In a fragmented landscape, the success of these two processes depends on a number of
factors. For example gene ﬂow can be limited as a result of lower plant densities after habitat
fragmentation (Griﬃn and Barrett 2004). Seed dispersal, moreover, depends very much
on a species’ dispersal characteristics. For example, wind-dispersed plumed seeds have a
lower terminal velocity and travel larger distances than plumeless seeds (Soons and Heil
2002, Tackenberg 2003). Pollen dispersal greatly depends on pollen dispersal vectors. For
example, plant-pollinator interactions for insect-pollinated species are often disrupted in
fragmented habitats, leading to reduced pollen transfer by pollinators (Kwak et al. 1998,
Lennartsson 2002). The eﬀectiveness of pollinators may also be aﬀected by plant densities
as indicated by a lower number of pollinators in populations with a lower density (Karron
et al. 1995, Kunin 1997), which may result in lower outcrossing rates (Van Treuren et al.
1994). Pollinators are especially important for gene ﬂow in species that are self-incompatible
(Goodell et al. 1997).
Thus, while successful gene ﬂow could rescue populations from genetic erosion
(Brown and Kodric-Brown 1977), isolation between habitat patches aggravates the
problem, not only because it reduces gene ﬂow but also because it changes dispersal ability
in an evolutionary sense through selection against dispersal in patches isolated in a hostile
environment (Cody and Overton 1996). Given the importance of gene ﬂow for the future
persistence of plant species, there is a particular need for studies to provide measures of
dispersal (i.e. gene ﬂow) at various spatial scales.
Since direct estimates of realistic dispersal rates are diﬃcult to obtain, it has
been more common to apply indirect methods such as the use of molecular markers to
estimate gene ﬂow (Ouborg et al. 1999). Traditionally, FST values (or related measures of
population diﬀerentiation) have been widely used to infer the number of migrants (Nm)
and so determine dispersal. The reliability of such population diﬀerentiation measures,
however, has been questioned (Whitlock and McCauley 1999), because these measures rely
on unrealistic assumptions (Cain et al. 2000 and references therein). More recent studies
have demonstrated that assignment tests or assignment-based diﬀerentiation measures are
more appropriate in determining particularly contemporary levels of gene ﬂow (Tero et al.
2003, He et al. 2004, Berry et al. 2004, Manel et al. 2005).
In the present study, we used highly polymorphic microsatellite loci and assignment
procedures to investigate gene ﬂow and population structure of Hypochaeris radicata
(Asteraceae) at two diﬀerent spatial scales within a highly fragmented agricultural
landscape. Within the study area, and equally distributed over both spatial scales, two
types of populations are present: high density populations occurring in conservation areas
under strict management, and low density populations occurring in non-protected road
verges. The investigated landscape therefore provides an ideal situation to study population
structure in relation to spatial scale and to compare levels of genetic diversity between high
density and low density populations after habitat fragmentation.
Hypochaeris radicata is a short-lived, mainly outcrossing and insect-pollinated herb
which does not form a seed bank (Fryxell 1957, Aarssen 1981). The species produces singleseeded fruits equipped with a plumose pappus that is attached to a beak, allowing dispersal
by wind (Soons et al. 2004). Seed dispersal distance calculations based on aerodynamic
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properties of the seeds have shown that most of them would not disperse more than
100 m, whereas a small fraction may bridge distances up to 400 m (Soons et al. 2004).
Previous studies have shown that H. radicata is sensitive to inbreeding on seed and dispersal
traits (Picó et al. 2004a, Mix et al. 2006a) and that the species’ colonization capacity is
reduced in fragmented landscapes (Cody and Overton 1996, Soons and Heil 2002). These
characteristics indicate that the species may be sensitive to habitat fragmentation. This can
have two eﬀects: low density populations may show reduced genetic diversity, and increased
interpopulation distances may reduce the level of gene ﬂow. Thus, we expect the low density
populations to have higher inbreeding levels and increased genetic diﬀerentiation with
other populations. We also expect that population diﬀerentiation may be more evident at
the larger spatial scale.
MATERIALS AND METHODS
Study site
The Achterhoek is a region of about 40 by 30 km2, located in the mid-eastern part of the
Netherlands. About a century ago, the vegetation consisted predominantly of nutrientpoor and moist, sandy, species-rich grassland (Nardo-Galion community). Intensive
farming has reduced the former nutrient-poor vegetation by as much as 99.9% (Soons et
al. 2005) and species-rich sites nowadays occur as small, isolated fragments, managed as
conservation areas. H. radicata L. still occurs in this region as an abundant species present
in conservation areas in high densities (> 5 individuals/m2), as well as in linear elements
like roadside ditches, the banks of waterways and railway tracks where the species has a low
density (< 0.02 individuals/m2).
Sampling strategy
In 2001, we sampled populations at two diﬀerent scales (Fig. 1). First, we sampled all
populations (n = 9) in an area of 2 by 2 km (small scale), chosen based on the maximum
dispersal distance reported for H. radicata (Soons et al 2004). Second, we additionally
sampled a random selection of eight populations within an area of approx. 11 by 10 km
(large scale). We deﬁned a population as a group of individuals of H. radicata separated
from the neighbouring group by a distance of at least 400 m. All populations have small
population sizes (below 150), except for the population HKM (50,000) and HKD (600).
Variation between population sizes was insuﬃcient for further analysis.
The geographic distances between the populations in the small scale study varied
from 0.5 to 3.35 km. All individuals in the HKM1, HKM3 and HKM5 populations were
sampled. Since the HKM2 and HKM4 populations had relatively high plant densities, we
sampled 33 and 37 individuals in these populations every 2 m along a linear transect. In
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Figure 1 Map of the Achterhoek region, showing the Hypochaeris radicata populations of the large- and small-scale sampling schemes in 2001. The
dynamics of these populations has been visualized by also showing the distribution of populations in the small-scale sampling area in 2004.
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order to determine the spatial dynamics (cf. extinction and (re)colonization) of populations,
we revisited the small-scale sampling area in 2004 and screened all possible sites and linear
elements again for the presence or absence of H. radicata (Fig. 1).
Within the large scale study the distances between sampled populations varied from
0.45 km to 11.0 km (Table 3); note that four populations are part of both the small scale
and the large scale analysis (Table 1). Here we sampled between 12 and 30 individuals in
each population, again by taking a sample every 2 m along a linear transect, except for
populations HE, HKE, HN, and HMA where all individuals were sampled.
At both scales of study both high density (n = 3 for small scale and n = 4 for large
scale) and low density populations were sampled and analysed (Table 1).
Table 1 Characterisation of the H. radicata populations in the Achterhoek region sampled in
the large-scale scheme (LS: 12 populations over an area of 110 km2) and the small-scale scheme
(SS: 9 populations within 4 km2)
Population name

Code

Geographic coordinates

Plant density

No. of plants
sampled

Sampling strategy
LS or

De Hare

HDH

51º 59’ 22” N, 6º 32’ 41” E

Low density

30

LS

Konijnendijk greppel

HKG

52º 02’ 38” N, 6º 26’ 09” E

Low density

30

LS

SS

Eibergseweg

HE

52º 04’ 49” N, 6º 34’ 49” E

Low density

20

LS

Kempersweg

HKE

52º 02’ 31” N, 6º 32’ 18” E

Low density

17

LS

Kooierlaan

HKL

52º 05’ 05’’ N, 6º 31’ 80’’ E

Low density

21

LS

Het Spoor

HS

52º 04’ 06” N, 6º 28’ 43” E

Low density

28

LS

Konijnendijk

HKD

52º 02’ 06” N, 6º 26’ 53” E

High density

30

LS

Sonderenweg

HSO

52º 04’ 30” N, 6º 34’ 00” E

Low density

30

LS

Molenweg

HM

52º 01’ 43” N, 6º 34’ 53” E

Low density

30

LS

SS

Nijkampseheide

HN

52º 01’ 51” N, 6º 32’ 41” E

High density

23

LS

SS

Maatweg

HMA

52º 00’ 45” N, 6º 32’ 25” E

High density

12

LS

SS

Koolmansdijk

HKM

52º 01’ 13” N, 6º 33’ 13” E

High density

30

LS

SS

Around HKM 01-31

HKM1

52º 01’ 16” N, 6º 33’ 44” E

Low density

31

SS

Around HKM 32-64

HKM2

52º 01’ 01” N, 6º 33’ 14” E

Low density

33

SS

Around HKM 65-76

HKM3

52º 01’ 27” N, 6º 32’ 53” E

Low density

12

SS

Around HKM 77-113

HKM4

52º 01’ 43” N, 6º 33’ 03” E

Low density

37

SS

Around HKM 114-124

HKM5

52º 01’ 39” N, 6º 32’ 34” E

Low density

11

SS

DNA isolation and microsatellite application
In the spring of 2002, leaf material of 11 up to 37 individuals from the 17 populations
(Table 1) was collected and kept at –80 ˚C until further analysis. DNA was isolated using
DNeasy Plant Mini Kit (QIAGEN). The plants were genotyped using ﬁve microsatellite
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loci (HrGA9, 10, 12, 14 and HrGT4, Mix et al. 2004). Analysis of the complete dataset
showed signiﬁcant linkage between HrGA9 and HrGA12, as was also found previously
in another data set (Mix et al. 2004). Preliminary analyses showed that excluding either
HrGA9 or HrGA12 led to the same results, therefore we decided to exclude HrGA12 for
which a few missing values were present in the data set. Ampliﬁcations were performed
on a T3 Thermocycler (Biometra) following the protocols developed by Mix et al. (2004).
Fragments were analysed on the Li-cor 4200 IR 2 DNA analyser (LI-COR, Inc.). Bands
were scored using the SAGAGT software (LI-COR, Inc.).
Eﬀ ects of density on within-population diversity
The following measures of within-population genetic diversity were calculated for low
density and high density populations: allele number A, allelic richness Rt, gene diversity (HE )
(according to Nei 1973), observed heterozygosity (Ho) and inbreeding coeﬃcient FIS per
population and per locus using FSTAT, v. 2.9.3 (Goudet 1995, 2001). Allelic richness value
Rt in the small-scale study was corrected for diﬀerences in sample size between populations
by applying the rarefaction procedure described by Kalinowski (2004) using the program
HP-RARE (Kalinowski 2005). Heterozygote excess and deﬁcit were computed per locus,
per population and across all populations using GENEPOP 3.4 (Raymond and Rousset
1995). The program was also used to test for multi-locus-based departures from HardyWeinberg, using 400 batches and 1000 iterations per batch. A sequential Bonferroni
correction was applied (Rice 1989).
We tested for diﬀerences of genetic diversity measures between low and high density
populations, using one-way ANOVA’s. The mean values were normally distributed thus
meeting ANOVA assumptions.
Eﬀ ects of scale on between-population diversity
Separate statistical analyses were performed for the large-scale and small-scale studies.
Note that four populations belong to both sets (Table 1) and therefore we did not test for
diﬀerences between scale levels.
Using FSTAT, overall population diﬀerentiation (θ ) per locus and per population
were calculated according to Weir and Cockerham (1984). FSTAT provided the standard
deviation of θ by jackkniﬁng across loci (300 replicas were generated). A t-test was used to
test for signiﬁcant deviation of θ from zero.
Assignment tests are considered to be accurate tools to measure contemporary gene
ﬂow, being robust to assumptions about the mutation model underlying the molecular
markers (Berry et al. 2004, Manel et al. 2005). Gene ﬂow between pairs of populations was
estimated using a partial exclusion Bayesian-based assignment test (Rannala and Mountain
1997) implemented in the GeneClass 2.0 software package (Baudouin et al. 2004). The
default settings were applied and the simulations were based on 1,000 simulated individuals.

86

Chapter 7

GeneClass 2.0 produces the probability for each individual to belong to the reference
population. The number of individuals assigned correctly was determined as the number
of individuals with the highest probability assigned to the source population. Additionally,
we determined the number of individuals assigned to neighbouring populations as well as
those assigned to the rest of the source populations. One of the advantages of the partial
exclusion Bayesian-based assignment test is that the true population of origin does not
necessarily have to be part of the sampled populations (Manel et al. 2002), as is often
the case for highly mobile species (Cegelski et al. 2003). This is likely to be relevant for
H. radicata in the present study, as we did not sample all populations in the large-scale
study. At the small scale, where all populations were sampled, we counted the number of
individuals that were not assignable to any of the populations as a measure of dispersal from
outside the small-scale area.
To correlate genetic distances with geographical distances, we ﬁrst used the
SPASSIGN program (Pálsson 2004) to calculate estimates of pairwise Fst, termed ‘pairwise
population genetic distance (DLR )’, based on the partial exclusion Bayesian method
by Rannala and Mountain (1997). The program provided the exact test for pairwise
population diﬀerentiation based on permutation tests. SPASSIGN includes a Mantel test
for the association between DLR and geographical distances. However, because this program
uses geographical latitude and longitude coordinates only as degrees and minutes, it does
not allow geographical distances to be analysed with the precision needed for the region
we studied. Therefore, we used the Mantel test (Manly 1985) implemented in FSTAT to
assess the correlation (in terms of Pearson correlation coeﬃcient) between the DLR -matrix
as computed in SPASSIGN and the geographic distance per population pair matrix, as
well as to test linear associations between the genetic and geographic distances between
populations at both scales (10,000 permutations).
In a simultaneous analysis of both spatial scales we tested for variation in isolationby-distance patterns between the two scale levels, by moving the threshold geographical
distance that separates small scale and large scale categories, in such a way as to maximize
the percentage explained variance (R 2 ) in the small scale pattern.
RESULTS
Population dynamics
The small-scale study area was sampled in 2001 and surveyed again in 2004. In 1999, the
area adjoining HKM was acquired by the Dutch National Forest Service (site A, Fig. 1). As
part of a restoration project, this area was turf-cut in 2001, while in 2002 a cycle path and a
ditch were constructed next to the HKM site (site B, Fig. 1), oﬀering potential new habitat
for H. radicata in this small scale area.
Except for HKM5, all populations sampled in 2001 had decreased in area, with
decreases ranging from about 30% (HKM1) to 80% (HKM2). For HKM2, all individuals
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along one of the roads had disappeared and the number of plants along the ditch was
reduced (Fig. 1). In 2004, we found four sites were H. radicata had newly established. At
the restored sites close to HKM (A and B) the species had established the largest number
of individuals (several hundreds). At two new sites (C and D) a few H. radicata plants had
established in linear elements (Fig. 1).

Table 2 Descriptive statistics for all loci (a) and all populations (b): Measure of diﬀerentiation
(θ ), Allele number (A), Allelic richness after rarefaction (Rt), expected (HE ) and observed (HO )
heterozygosity and inbreeding coeﬃcient (FIS ) per population, calculated following Nei (1973). An
asterisk * indicates signiﬁcant values at P < 0.05 after Bonferroni correction.

θ
a) per locus
HrGT4
HrGA14
HrGA10
HrGA9

0.027
0.037
0.070
0.037

b) per population
HDH
HKG
HE
HKE
HKL
HS
HKD
HSO
HM
HN
HMA
HKM
HKM1
HKM2
HKM3
HKM4
HKM5
Overall

0.040

A

Rt

HE

HO

FIS

0.089*
0.141*
0.045*
0.002*

28
31
43
18

3.34
3.30
3.42
3.38

0.88
0.86
0.88
0.89

0.80
0.78
0.82
0.87

15.8
13.8
10.0
7.5
11.8
13.3
14.3
11.0
13.0
12.0
7.5
15.3
15.3
12.8
10.8
13.8
6.3

3.55
3.44
3.36
3.05
3.30
3.42
3.47
3.31
3.38
3.21
3.00
3.46
3.44
3.48
3.42
3.39
3.40

0.92
0.90
0.89
0.81
0.87
0.90
0.90
0.87
0.89
0.84
0.80
0.91
0.91
0.89
0.90
0.89
0.92

0.81
0.91
0.80
0.84
0.81
0.86
0.86
0.84
0.87
0.73
0.70
0.78
0.83
0.86
0.79
0.83
0.84

0.12*
-0.01
0.10*
-0.03*
0.07
0.04*
0.05*
0.04
0.01
0.12*
0.12
0.14
0.09*
0.04
0.12
0.07
0.09

12.0

3.36

0.88

0.82

0.04
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Marker diversity
Large numbers of alleles (A) were detected for all microsatellite loci, varying from 18 at
locus HrGA9 to 43 at locus HrGA10 (Table 2). Allelic richness after rarefaction (Rt),
computed across all loci, ranged from 3.30 (HrGA14) to 3.42 (HrGA10). Expected and
observed heterozygosity (HE and Ho) ranged from 0.86 (0.78) at locus HrGA14 to 0.89
(0.87) at locus HrGA19 (Table 2). θ values per locus ranged from 0.027 (HrGT4) to 0.07
(HrGA10). The inbreeding coeﬃcient (FIS ) varied between 0.002 at locus HrGA9 and
0.141 at locus HrGA14 (Table 2).
Eﬀ ects of density on within-population diversity
The diﬀerences between high density and low density populations were nonsigniﬁcant for
all measures of genetic diversity with the exception of the observed heterozygosity. The mean
number of alleles (A) ± standard error was 12.0 ± 0.69 per population (Table 2), 12.28 ±
1.74 in high density and 11.94 ± 0.78 in low density populations ( F1,15 = 0.04, P = 0.84).
Allelic richness after rarefaction (Rt) computed across all populations was on average 3.36
± 0.04, 3.29 ± 0.11 in high density and 3.38 ± 0.03 in low density populations (F1,15 = 1.31,
P = 0.27). Within-population gene diversity (HE ) was on average 0.88 ± 0.01, 0.86 ± 0.03
and 0.89 ± 0.01 in all, high density and low density populations respectively (F1,15 = 1.84,
P = 0.19). The inbreeding coeﬃcient FIS within populations across all loci was on average
0.07 ± 0.01, and varied from 0.11 ± 0.01 in high density populations to 0.06 ± 0.01 in low
density populations (F1,15 = 0.35, P = 0.08). Seven populations showed signiﬁcant FIS values
(P < 0.001, Table 2) indicating signiﬁcant departures of Hardy-Weinberg equilibrium.
One population (HKE) showed heterozygote excess, whereas the other six showed some
heterozygote deﬁciency (Table 2).
Average observed heterozygosity (Ho) was 0.82 ± 0.01 (Table 2) and was the only
measure that diﬀered signiﬁcantly between high and low density populations (0.77 ±
0.04 and 0.84 ± 0.01 respectively; F1,15 = 8.28, P = 0.01). Contrary to our expectations
therefore, low density populations had higher observed heterozygosity than high density
populations.
Eﬀ ects of scale on between-population diversity
The θ measure of population diﬀerentiation across all loci was 0.04 (SD = 0.003) for both
the small scale and the large scale study and deviated signiﬁcantly from zero (t = 231.21,
P < 0.01), indicating that population diﬀerentiation was small but signiﬁcant at both scales
of study.
The Bayesian-based assignment test assigned an average of 32.3% of all individuals
(26.9% in the small scale and 36.4% in the large scale) to their own source population
(varying between 0.0% for HKM5 and 61.3% for HM). In all these cases the next most
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likely population of assignment was several orders of magnitude less likely, underlining
the robustness of this percentage. An average of 19.7% of the individuals could not be
assigned to any of the sampled populations (16.8% and 21.1% for large and small scale
respectively; Fig. 2). The assignment values of correctly assigned and not assignable did
not diﬀer signiﬁcantly between the two scales ( F1,15 = 0.41 and 0.52; P = 0.53 and 0.48
respectively).

Assignment (%)

100
80
60
40
20
0

HDH

HE
HKG

HKL
HKD
HM
HMA HKM1 HKM3 HKM5
HKE
HS
HSO
HN
HKM
HKM2 HKM4

Population
Figure 2 Results of the assignment test for H. radicata. Bar diagram indicates the percentages of
individuals per population correctly assigned to the source population (black bars), assigned to
neighbouring populations (hatched bar), assigned to other sampled populations (dotted bar) and
not assignable to any of the sampled populations (white bar). Since neighbouring populations were
not sampled in the large-scale study, this category was excluded.

In the small-scale study, a 27.6% proportion was assigned to their nearest neighbour
population (Fig. 2). Since the true neighbouring populations were not known for the
large-scale study, we could not determine this percentage for that scale. The remaining
individuals were assigned to one of the sampled (but not the neighbouring) populations,
indicating gene ﬂow between these populations. The large scale populations had a signiﬁcant
higher (45.9%) proportion of individuals assigned to one of the rest populations than the
populations at small scale (22.2%, F1,15 = 14.35, P = 0.001).
Genetic distances (DLR ) between populations diﬀered widely, from 0.13 (between
HKM3 and HKM4) to 13.61 (between HMA and HSO). The exact test showed that the
genetic diﬀerentiation of some of the population pairs was signiﬁcant (Table 3). According
to the Mantel test, the correlation between the pairwise genetic distance and the geographic
distance (log km), using the Bayesian genetic distance value DLR , was not signiﬁcant for
the large scale study (correlation coeﬃcient r = -0.05, R 2 = 0.03, P = 0.66), but marginally
signiﬁcant for the small scale study (r = 0.32, R 2 = 0.10, P = 0.06), and signiﬁcant across all

HM

2.65
3.35
2.18
1.55
1.68
2.80
2.25
2.45

HM
HN
HMA
HKM
HKM1
HKM2
HKM3
HKM4
HKM5

8.50
11.0
5.85
10.50
10.65
9.45
9.40
4.75
3.50
4.58
2.75

HDH
HKG
HE
HKE
HKL
HS
HKD
HSO
HM
HKM
HN
HMA

Small

HDH

Large

2.13
1.25
1.85
1.75
0.75
0.50
0.50

8.85

HN

10.65
7.05
7.50
4.00
0.45
9.40
10.35
8.40
7.75
7.90

1.39

HKG

1.38
2.00
1.18
1.50
2.00
1.75
0.63
0.50
0.63
1.00
1.25

4.34
3.56
6.12

9.94*
10.60*

3.90
7.60
2.93
7.45
7.20
5.85
7.98

4.69
6.16
2.75
5.99

HKL

HKM

4.50
5.50
6.90
3.90
3.55
2.55
1.35
3.25

6.75
7.83
7.71

HKE

HMA

5.38
4.00
7.40
10.85
1.63
6.30
7.30
6.40
8.35

5.07
8.05

HE

0.50
1.25
1.00
1.63

4.43
3.72
4.34
1.81

HKM1

4.25
6.25
8.85
7.70
6.35
7.90

5.10
6.26
6.06
7.67
3.64

HS

0.90
1.30
1.63

9.18
9.72
10.53*
7.35
6.00

HKM2

9.40
10.30
8.25
7.20
7.73

4.40
5.50
6.54
6.54
8.20
6.84

HKD

0.63
0.63

5.70
6.65
9.42*
6.08
4.06
9.09

HKM3

5.50
6.00
4.90
7.10

6.77
9.61
9.66
9.66
9.52
5.97
11.91

HSO

0.50

5.61
6.26
5.10
3.30
4.10
7.85
0.13

HKM4

2.18
2.65
3.35

7.18
7.07
11.19
6.73
11.07
8.87
4.93
12.31

HM

9.33
7.78
5.32
5.87
5.93
6.73
4.22
3.76

HKM5

1.25
2.13

6.39
9.87
6.86
10.06
6.36
8.14
5.10
12.65
11.32

HN

1.38

9.86
12.23*
10.71
12.76*
10.02
8.20
7.58
13.61*
10.03
5.75

HMA
3.84
7.08
5.82
3.53
7.72
4.63
3.63
5.97
4.20
6.29
11.81

HKM

Table 3 Pairwise geographic distances (km, below diagonal) and genetic distances (DLR , in bold, above diagonal) between populations of
H. radicata in the large-scale (upper panel) and small-scale (lower panel) sampling schemes. Most of the population pairs were not signiﬁcantly
diﬀerentiated; those that were signiﬁcantly diﬀerentiated are indicated by an asterisk * (P < 0.05).
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samples (r = 0.24, R 2 = 0.05, P = 0.013). This was consistent with the pattern found when
using genetic distances determined as FST (not shown).
When recalculating isolation-by-distance for small and large scale patterns, based
on the entire sample, the explained variance of the small scale pattern was maximal at a
threshold distance of 3.5 km (r = 0.45, R 2 = 0.19, P < 0.001 below 3.5 km and r = -0.25,
R 2 =0.06 P = 0.48 above 3.5 km, Fig.3). These results indicate that population diﬀerentiation
follows an isolation-by-distance pattern up to 3.5 km, with 19% of the genetic distance
explained by geographic distance. Above 3.5 km the genetic distance does not increase
further with geographic distance (Fig. 3).

genetic distance (DLR)

16
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1.2

geographic distance (log km)

Figure 3 Correlation of pairwise genetic distances with geographic distances of all populations
of Hypochaeris radicata. Genetic distances (DLR computed in SPASSIGN) are based on Bayesian
assignment values; geographic distances are the shortest distances between the populations (log km).
Correlation coeﬃcients were calculated separately for distances under and over 3.5 km. Correlation
coeﬃcients: under 3.5 km: r = 0.45, R 2 = 0.19, P<0.001; over 3.5 km: r = -0.25, R 2 = 0.06, P = 0.48.
Not shown are all samples across all distances: r = 0.24, R 2 = 0.05, P = 0.013 and small-scale samples
only: r = 0.32, R 2 = 0.10, P = 0.06.

DISCUSSION
Habitat fragmentation can alter patterns of gene ﬂow and population structure (Young
et al. 1996). Such changes may be site- and species-speciﬁc (Jacquemyn et al. 2003) and
may depend on plant density (Van Treuren et al. 1994), while these eﬀects may also diﬀer
when considering diﬀerent landscape scales (Hutchison and Templeton 1999). Hypochaeris
radicata is a common species in the highly fragmented and agricultural landscape we
studied and seeds can disperse over distances of several hundred meters (Soons et al. 2004).
When revisiting the small scale area after three years considerable dynamics of populations
was observed, as was expected in this short-lived species. Several newly established sites
were found, and as the species does not form a seed bank (Aarssen 1981) this indicates that
seeds are dispersing through the landscape.
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Our main objective was to investigate the possible eﬀects of habitat fragmentation on
genetic structure within and between populations of this species. We hypothesized that part
of these eﬀects may be mediated via eﬀects of plant density within populations. Populations
with reduced plant density are expected to show reduced levels of genetic diversity due
to lower outcrossing rates (Van Treuren et al. 1994) and limited gene ﬂow (Griﬃn and
Barret 2004), both resulting from lower pollinator attractiveness of low density populations
(Karron et al.1995). However, in contrast to our expectations, we found no diﬀerence in
genetic diversity between high and low density populations. FIS values varied between
-0.03 (HKE) and 0.14 (HKM), but were not related to plant density. Such diﬀerences
in FIS values then might be due to spatial Wahlund eﬀects (Murren 2003 and references
therein) as within-population spatial genetic structuring can be high in small populations
(Ingvarsson and Giles 1999).
In all populations high levels of genetic diversity were observed. Similar results have
been found in other studies. For example, Hogbin et al. (1998) and Van Rossum et al. (2004)
measured the genetic diversity in habitat fragments of the outcrossing species Grevillea
barklyana, Primula veris and Primula vulgaris. They found that both verge and nonverge
populations, a classiﬁcation mimicking our high density – low density classiﬁcation,
showed similar high levels of genetic diversity. Godt et al. (1997) suggested that high levels
of genetic diversity are common for outcrossing, short-lived species, when levels of between
population gene ﬂow are high. The absence of density eﬀects and the throughout high levels
of within population diversity that we observed in this area may therefore indicate that
populations are not isolated here.
This conclusion is corroborated by the between population studies at the two
spatial scales. The weak population diﬀerentiation we observed indicates that there were
still substantial levels of gene ﬂow. Up to 3.5 km, the gene ﬂow pattern was consistent
with isolation-by-distance (IBD), indicating that gene ﬂow was limited by geographical
distance and followed a stepping-stone model (Hutchison and Templeton 1999). Gene ﬂow
is expected to take place through both seed en pollen dispersal. Successful seed dispersal
must include establishment at new sites, so there must be suitable colonisation sites available
within a fragmented landscape (Soons and Heil 2002). The observation of new populations
being established in the region we studied between 2001 and 2004 indicates that successful
seed dispersal did take place at this scale, and was most probably responsible for parts of
the IBD pattern.
In an earlier study, Soons et al. (2004) modelled seed dispersal and calculated that
the majority of the seeds would not disperse beyond 100 m, and only a very small fraction
would disperse up to 400 m. In our study, the average distance between the populations
within the small-scale area was about 1 km, with the smallest distance between neighbouring
populations being 500 meter in the small scale study. Our results indicate that dispersal,
either by pollen or by seeds, occurs over at least a distance of 500 meter. This is supported
by the results of the assignment test. 21.1% of the individuals in the small scale study could
not be assigned to any population, suggesting they immigrated from outside the study
area. Moreover, an additional 22.1% of the individuals were assigned to non-neighbouring
populations. While both pollen and seed dispersal could contribute to these results, the
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observation of newly established populations at a distance of more than 400 meter strongly
suggests that seed dispersal contributed at least partly to the assignment results. This would
then indicate that seed dispersal occurs over higher distances than was estimated using
aerodynamic models (Soons et al. 2004).
The discrepancy between the modelled dispersal distance and the indirectly
measured dispersal distance might be due to the uncertainty in modelling the tail of the
dispersal curve (Cain et al. 2000, Bullock and Clark 2000). Another important parameter
in the seed dispersal model of Soons et al. (2004) is the seed release height, as seeds released
above the level of the surrounding vegetation can travel longer distances. The majority
of the H. radicata individuals occurred in linear landscape elements that were open and
frequently mown. The seed release height in such habitats may be much higher than in the
dense grassland populations that were used to model seed dispersal distances for H. radicata
(Soons and Heil 2002, Soons et al. 2004).
We made an eﬀort to further analyse the overall relationship between geographical
and genetic distance. While the overall relationship was signiﬁcant, our detailed analysis
showed that beyond 3.5 km, population diﬀerentiation did not follow an isolation-bydistance pattern (Fig. 3). Thus, gene ﬂow exerts its inﬂuence up to 3.5 km, above that
distance genetic drift within populations has a larger inﬂuence than dispersal between
populations (Hutchison and Templeton 1999). Populations further apart than 3.5 km are
therefore eﬀectively, genetically isolated from one another.
The use by H. radicata of the linear landscape elements as habitats may positively
aﬀect gene ﬂow. Recent studies have shown that insects tend to follow these elements rather
than crossing monocultured, nonﬂowering farming areas (Kwak et al. 1998, Tewksbury
et al. 2002, Dover and Fry 2001, Cranmer 2004, Townsend and Levey 2005). Thus the
relatively high threshold distance of 3.5 km we found may be speciﬁc for the present
landscape and might be lower in other landscapes lacking the linear elements.
Consequences of habitat fragmentation for H. radicata
Hypochaeris radicata is characterized as being short-lived, has relatively high population
turnover, seed dispersal distances up to several hundred meters, relatively high dispersal
(gene ﬂow) rates and no seed bank. These life history features all contribute to the possibility
of metapopulation dynamics (Ehrlén and Eriksson 2003, Ouborg and Eriksson 2004).
The species is present in discrete habitat patches and migration between these patches is
common. From the life history and landscape descriptions, and the fact that the migration
patterns did not ﬁt any other model (as argued by Freckleton and Watkinson 2002 and
Tero et al. 2003), we conclude that the species persists within the highly fragmented
landscape as a true metapopulation (Ouborg and Eriksson 2004), using linear landscape
elements as temporary habitats. The metapopulation dynamics is shown by the relatively
large diﬀerences found in area covered and location, with local sites where the species had
been decimated and other sites that had been colonized when the same region was surveyed
three years later.
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Modelling has suggested that the evolution of dispersal is favoured by succession
in a metapopulation context (Olivieri et al. 1995) and as a result of changed ecological
conditions during succession (Ronce et al. 2005). Our study shows that such regional
dynamics occur for H. radicata in the Achterhoek region, which may conﬁrm that the
dispersal ability of this species might be subject to evolutionary changes. One of the best
examples demonstrating short-term evolution of dispersal traits is that found in the study by
Cody and Overton (1996), who found evidence for the hypothesis that dispersal traits (in
H. radicata) might be liable to evolutionary change. However, they did not prove to what
extent gene ﬂow really occurs; nor did they prove whether the islands they studied were
eﬀectively isolated, or that dispersal has a genetic basis. Our results show that population
isolation of H. radicata occurs from a distance of 3.5 km onwards. Results of an ecological
study on H. radicata (chapter 2) strongly suggest that dispersal traits may have a genetic
basis. Both ﬁndings conﬁrm the possibility that Cody and Overton (1996) did indeed
observe short-term evolution in H. radicata.
In the introduction we argued that H. radicata would be sensitive to habitat
fragmentation because of its mating system (depending on pollinators), the fact that
inbreeding reduces seed set and seed dispersal (Picó et al. 2004a, Mix et al. 2006a), the
calculated maximum dispersal distances of 400 m (Soons et al. 2004) and the lower plant
density of most of the populations. The genetic results, however, suggest that habitat
fragmentation has led to a weak population diﬀerentiation, with populations maintaining
their levels of genetic diversity through extensive gene ﬂow by pollen and seeds. Seeds of the
species also seem to disperse over considerably greater distances than the 400 m suggested
previously. Therefore, we feel justiﬁed in claiming that H. radicata shows an isolation-bydistance pattern and successfully survives habitat fragmentation as a metapopulation by
using suitable but transitory habitat fragments such as linear landscape elements.
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ABSTRACT
Population genetic theory predicts that plant population persistence in highly fragmented
landscapes is threatened by the absence of gene ﬂow and an increased risk of inbreeding
and genetic drift. The impact of the genetic consequences, however, may be delayed in
long-lived plant species. We investigated the consequences of habitat fragmentation for
interpopulation gene ﬂow and population structure of the long-lived, short-distance seed
dispersing grassland herb Succisa pratenis in a highly fragmented landscape, using AFLP
markers. S. pratensis retains substantial genetic diversity (PLP = 64%). Overall genetic
diﬀerentiation (Φ ST) was 0.21 and diﬀered signiﬁcantly from zero, indicating a strong
population diﬀerentiation. An assignment test assigned the majority (on average 79.4%) of
the individuals to the source population (no gene ﬂow), while 10.9% of the individuals were
assigned to another population (gene ﬂow) indicating low (though not zero) levels of gene
ﬂow, assumed to be due to rare seed dispersal events or to pollen dispersal. As no relationship
was found between genetic and geographic distance, we hold genetic drift responsible for
the signiﬁcant population structure we found. Levels of genetic variation were still high, but
lower than in other studies. These results indicate that the species persists at the study site as
remnant populations and not in a metapopulation structure. Furthermore, negative eﬀects
of habitat fragmentation may indeed be postponed, but are clearly present. Management
to improve the situation for the highly fragmented populations should aim at reducing
interpopulation distances by re-establishing suitable sites between remaining populations.
INTRODUCTION
Plant populations living in fragmented landscapes are often isolated and reduced in size,
thereby becoming susceptible to demographic, environmental and genetic stochasticity
(Schaﬀer 1987), which may aﬀect gene ﬂow and population structure, and might ultimately
lead to extinction (Schemske et al. 1994, Young et al. 1996). Both genetic stochasticity
(i.e., genetic drift) and low levels of gene ﬂow between fragmented populations determine
the levels of genetic variation within populations and the degree of regional population
diﬀerentiation, and thus their post-fragmentation persistence.
Although regional metapopulation dynamics may increase the chances that
populations survive, the applicability of the metapopulation model to plant species remains
the subject of ongoing debates (Husband and Barrett 1996, Freckleton and Watkinson
2002, Ehrlén and Eriksson 2003). A metapopulation structure in plants requires substantial
levels of gene ﬂow, a suﬃcient amount of habitat at suitable scale, a life span of several years
and the absence of a seed bank (Ouborg and Eriksson 2004). Gene ﬂow between plant
populations and the amount of suitable habitat become reduced in situations of ongoing
habitat loss and fragmentation (Young et al. 1996, Cruzan 2001). Since gene ﬂow can occur
via seeds and pollen (Ouborg et al. 1999), reduced gene ﬂow is the result of either limited
seed dispersal or reduced pollen ﬂow or both. Fragmented populations of species with seed
characteristics allowing short-distance seed dispersal lose increasing numbers of seeds to
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unsuitable habitats. Limited gene ﬂow through pollen, especially for insect-pollinated plant
species, can result from changes in the spatial conﬁguration of plant populations due to
habitat fragmentation, which can alter or even disrupt interactions with pollinators (Kwak
et al. 1998, Steﬀan-Dewenter and Tscharntke 1999, Lennartsson 2002). The eﬀects of
habitat fragmentation on plant – pollinator interactions can be aggravated by changes in
plant species composition at remnant sites and by a decline in biodiversity due to additional
habitat deterioration, as a consequence of, for instance, increased airborne sulphur and
nitrogen deposition (Roelofs et al. 1996, Kleijn and Verbeek 2000 and references therein).
In this study, we examined the gene ﬂow and population structure of remaining
Succisa pratensis Moench (Dipsacaceae) populations in a highly fragmented landscape in
the Netherlands. The species is a long-lived perennial herb (more than 25 years, Hooftman
et al. 2003a) with a mixed mating system. Seed dispersal by wind does not exceed 4 m
(Soons et al. 2004). We concentrated on a particular region in the east of the Netherlands,
called Achterhoek, because intensiﬁcation of farming methods since the beginning of the
last century has resulted in the loss of more than 99% of the former nutrient-poor vegetation
and habitat connectivity between the remaining populations is very low (Soons et al. 2005).
This well-documented fragmentation process provided us with an ideal situation to study
post-fragmental population structure and the gene ﬂow process in detail. As short-distance
seed dispersal is often correlated with longevity (Ehrlén and van Groenendael 1998), the
eﬀects of failing dispersal will not immediately become apparent (Eriksson 2000). High
genetic variation plus evidence for lack of gene ﬂow would conﬁrm that the eﬀects of
fragmentation are delayed in long-lived species.
MATERIALS AND METHODS
Study species and description of the area
Succisa pratensis is a hemicryptophytic plant species of nutrient-poor, moist grasslands
(Adams 1955). The species is hermaphroditic and insect-pollinated, with partial selfpollination (Grime et al. 1988), and can reproduce vegetatively through side-rosettes
(Hartemink et al. 2004). Single-seeded fruits contain up to 5 spines, which could allow
dispersal by animals or wind. However, most of the fruits fall close to the mother plant
(Adams 1955) and dispersal by wind has been modelled not to exceed distances of 4 m
(Soons et al. 2004). The species has no seed bank (Thompson et al. 1997).
The distribution area of the species in the Netherlands has declined by 74 % since
1935 (Van der Meijden et al. 2000) due to habitat deterioration and land-use intensiﬁcation.
Nowadays, populations of S. pratensis in this area are restricted to a few remnant sites (Fig. 1).
We investigated the population structure and gene ﬂow of 15 remaining populations within
an 11 by 10 km area in the mid-eastern part of the Netherlands, called the Achterhoek
(Fig 1).
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Figure 1 Populations of Succisa pratensis in the 11x10 km study area in the Achterhoek region, the Netherlands. The SE population was located
just to the north of the edge of the map. Populations sampled in 2001 are indicated by black circles. Habitat areas for S. pratensis in 1900
are indicated by dark grey areas (almost certain habitat in 1900), medium grey areas (very likely habitat in 1900) and light grey areas (likely
habitat in 1900). Habitat map from Soons et al. (2005). Nowadays, the potential habitat has been reduced to the 15 spots of the remaining
populations.
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Population sizes of remaining S. pratensis fragments were determined by counting
the number of ﬂowering individuals. In the case of large populations, we determined
population size by counting the number of ﬂowering individuals within a representative 10
by 10 m area and extrapolating these estimates to the whole area. Most of the 15 populations
were very small, with only three populations exceeding 300 individuals (Table 1). We
sampled all populations in the area, except one which was artiﬁcial, having been sown by
the landowner, and three that consisted of only one or two individuals. The distance to the
nearest population (as a measure of isolation according to Moilanen and Nieminen 2002)
varied between 0.25 and 4.0 km (Table 1). In only two cases were inter-population distances
less than 0.5 km: between two neighbouring roadside populations (SKG-SKD 0.45 km) and
when one ditch population was close to a conservation area (SN-SNG 0.25 km). Pearson’s
correlation between population size and distance to the nearest neighbouring populations
was not signiﬁcant (n=15, Pearson’s r = -0.33, P = 0.18). Whenever possible, we sampled up
to 30 individuals chosen at random from the entire population. Several populations had a
population size below 30 (Table 1), in which case we sampled all individuals.
DNA extraction and AFLP protocol
Leaf material of the young rosette leaves was collected in the spring of 2001 and kept at
–80°C until DNA isolation. Genomic DNA was isolated using the DNeasy Plant Mini Kit
(QIAGEN). The quantity and quality of the DNA was assessed on a 1% agarose gel.
For the AFLP analysis, we used restriction and adaptor ligation of genomic
DNA according to Vos et al. (1995) except for the following change: we used 0.5 U T4
DNA Ligase (MBI Fermentas) in 20µl ligation mixture containing the EcoRI- or MseIadaptor. Polymerase chain reactions (PCR) for pre-ampliﬁcation were performed on a T3
Thermocycler (Biometra) in 25 µl containing 1.2 ng DNA, 2.5 mM MgCl2, 0.5 U Red
Hot Taq DNA polymerase (Abgene), 2.5 µl 10x Reaction buﬀer (included in Taq batch),
200 µM of each dNTP and 37.5 ng of each primer. PCR cycles had the following proﬁle: 1
min 96°C, 28 cycles 30s 94°C denaturing, 1 min 56°C annealing, 1 min 72°C elongation
with 1 s increase per cycle, followed by 2 min 72°C ﬁnal extension. The pre-ampliﬁcation
PCR mixture was diluted 50-fold and 5 µl of the diluted product was subjected to a more
selective ampliﬁcation. The selective ampliﬁcation mixture also contained (per 20 µl)
1.5 mM MgCl2, 0.4 U Red Hot Taq DNA polymerase (Abgene), 2.0 µl 10x Reaction
buﬀer (included in Taq batch), 160 µM of each dNTP and 6 ng of EcoRI primer and 50 ng
of the MseI primer. We used the three primer pairs (E35-M58, E37-M48 and E37-M52) as
described in Smulders et al. (2000). The forward primer E35 was labelled with 700 IR dye
and E37 with an 800 dye (Biolegio). The PCR cycles had the following proﬁle: 13 cycles
30 s 94°C denaturing, 1 min 65°C annealing decreasing with 0.7 °C per cycle, 1 min
72°C elongation, followed by 17 cycles 30 s 94°C denaturing, 1 min 56°C annealing and
1 min 72°C elongation with 1 s increase per cycle, and ﬁnally 2 min 72°C ﬁnal extension.
Fragments were analysed on a Li-cor 4200 IR 2 DNA analyser (LI-COR, Inc.) using a
5-fold dilution with loading buﬀer. Bands between 50 and 700 bp were scored as present (1)
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or absent (0) using the SAGA MX AFLP genotyping software (LI-COR, Inc.). Afterwards,
data were assembled in a binary data matrix. Markers with a band frequency below 5 %
were omitted from the analysis (Lynch and Milligan 1994).
Statistical analysis
Overall population diﬀerentiation (Φ ST) was tested in ARLEQUIN version 2.0 (Schneider
et al. 2000). The variance components and the level of signiﬁcance of variations within
and among populations were calculated by analysis of molecular variance, implemented
in ARLEQUIN. The program also calculated the pairwise genetic distances between
population pairs (Φ ST) and signiﬁcances based on 1,000 permutations. We used the exact
tests for population diﬀerentiation (Raymond and Rousset 1995) implemented in TFPGA
(Miller 2001) to test for signiﬁcant pairwise population diﬀerentiation.
The relationship between genetic distance (Φ ST) and geographic distance was tested
with a Mantel test (Manly 1985) implemented in FSTAT, v. 2.9.3 (Goudet 1995 and
2001).
Assignment tests have been shown to accurately measure contemporary gene ﬂow,
and to be robust to assumptions about the mutation model underlying the molecular markers
(Berry et al. 2004, Manel et al. 2005). Individual genotypes were assigned to the most likely
population using the allele frequency based assignment test developed by Paetkau et al.
(1995), implemented in the Doh assignment test calculator (Brzustowski 2002). From this
test we calculated the percentage correctly assigned individuals (suggesting no gene ﬂow),
the percentage of individuals assigned to other than the source population (mismatch) and
the percentage ambiguously assigned individuals. The number of ‘mismatched’ individuals
is positively related to the amount of gene ﬂow between the populations (McDonald 2003).
We deﬁned individuals as ambiguously assigned when the probability of an individual
assignment was equal (within a 10-fold range) between two or more potential populations.
All unambiguously assigned individuals had probabilities of assignment at least 106 times
higher than for the next most likely population.
Genetic variation over all populations and within populations was determined as
the percentage of polymorphic loci (PLP) in TFPGA (Miller 2001). Shannon’s Information
index I (Shannon and Weaver 1949) was estimated using the POPGENE software program,
version 1.3.1 (Yeh and Boyle 1997). To investigate whether population size and degree of
isolation aﬀected measures of genetic variation, we performed a regression analysis after
correcting for sample size, using log population size or log distance (m) to the nearest
population as the independent variable and the measures of genetic variation as dependent
variables for all populations.
We used the SGS (Spatial Genetic Software) program developed by Degen et al.
(2001a) to analyse the spatial genetic structure of individuals within populations. The
program presents the genetic neighbourhood between individuals within distance classes
related to geographic distance by correlating the genetic Tanimoto distance with spatial
distance in distograms using a permutation procedure (500 permutations) based on Monte
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Carlo simulations (for detailed description see Degen et al. 2001a,b). For statistical reasons,
the authors recommend using at least 30 individuals per chosen distance class (Degen et al.
2001b). In our case, however, most of the samples sizes were below 30. We decided to use
only the populations with a sample size larger than 25 in the analysis, to obtain preliminary
results.
RESULTS
Genetic variation
The three AFLP primer pairs generated 117 markers in 333 individuals from 15 populations,
of which 108 (92%) were polymorphic. Mean population genetic diversity was: PLP =
64.0% (range 44.4 – 89.0) and I = 0.30 (0.21 – 0.41). The smallest values were obtained
from the SE population and the highest from the SKL population for all measures, but
there was no relationship with either population size or isolation (Table 1). The AMOVA
test allotted 79.2% of the variances between individuals within populations and 20.8% of
those between populations.
Population structure and gene ﬂow
Overall population diﬀerentiation was high (Φ ST = 0.21) and signiﬁcantly greater than zero
(95% conﬁdential interval). Genetic distances (Φ ST) between populations varied widely,
from 0.07 (between SB and SKD; geographic distance 6.0 km) to 0.38 (between SDH
and SNG; geographic distance 4.2 km; Table 2). The exact test of pairwise population
diﬀerentiation showed that nearly all of the 105 pairs of populations were signiﬁcantly
diﬀerent, except for most of the pairs involving the SB population, the SSO and SE
population pair and the pairs formed by SKG with SSO, SKE and SE (Table 2). According
to the Mantel test, the relationship between genetic distances and geographical distances was
not signiﬁcant (Pearson’s correlation coeﬃcient r = 0.004, R 2 = 0.001, P = 0.97) indicating
random divergence between populations in the study area without any relationship with
the geographic distance (i.e., no isolation by distance pattern).
The assignment test assigned an average of 79.4% of the individuals to their
own source population, varying between 33.3% (SKR) and 92.0% (SKE, see Table 3 –
correctly assigned). On average, 14.9% of all individuals were assigned to other populations
(Table 3 – mismatched) indicating. The SKR population had the largest proportion (62.5%)
of individuals assigned to other than the source populations. Leaving this population out of
the analysis yielded an average of 10.9% of individuals assigned to others than the source
population. On average, 5.7% of all individuals were equivocally assigned (Table 3 –
ambiguously assigned), underlying the robustness of the assignment test.

SB

SKL

SSO

SKR

SDH

SNG

SKE

SE

SM

SS

SKG

Breedslatsdijk

Kooierlaan

Sonderenweg

Kroosdijk

De Hare

Nijkampse greppel

Kempersweg

Eibergseweg

Molenweg

Het Spoor

Konijnendijk greppel

52º 02’ 38” N, 6º 26’ 09” E

52º 04’ 06” N, 6º 28’ 43” E

52º 01’ 43” N, 6º 34’ 53” E

52º 04’ 49” N, 6º 34’ 49” E

52º 02’ 31” N, 6º 32’ 18” E

52º 01’ 45” N, 6º 32’ 43” E

51º 59’ 22” N, 6º 32’ 41” E

51º 59’ 59” N, 6º 29’ 18” E

52º 04’ 30” N, 6º 34’ 00” E

52º 05’ 05’’ N, 6º 31’ 80’’ E

52º 02’ 25” N, 6º 31’ 31” E

52º 00’ 45” N, 6º 32’ 25” E

52º 01’ 13” N, 6º 33’ 13” E

52º 02’ 25” N, 6º 26’ 19” E

52º 01’ 49” N, 6º 32’ 43” E

Geographic co-ordinates

along a ditch

along a ditch

along a ditch

along a road

along a road

along a ditch

along a road

along a road

along a road

along a ditch

conservation area

along a pond

conservation area

conservation area

conservation area

Type of area

2

Isolation measured as the distance (km) to the nearest neighbouring population
Percentage polymorphic loci (PLP) according to Miller 2001
3
Shannon’s information index (I) according to Shannon and Weaver 1949)

1

SKM

SMA

Maatweg

Konijnendijk

Koolmansdijk

SN

SKD

Nijkampseheide

Code

Population name

17

25

28

30

38

43

53

56

75

100

182

300

1,500

15,000

25,000

0.450

4.000

2.175

1.625

0.900

0.250

1.375

0.250

1.625

2.925

0.900

1.375

1.125

0.450

0.250

Population Isolation1
size
(km)

Table 1 Characteristics of the S. pratensis populations sampled in the Achterhoek area.

9

10

28

11

25

23

25

24

25

26

9

30

25

28

33

Sample
size

41.9

64.1

73.5

44.4

61.5

65.0

59.0

89.0

69.2

59.0

45.3

68.4

73.5

71.8

74.4

PLP2

0.205

0.355

0.328

0.206

0.267

0.324

0.256

0.406

0.315

0.296

0.232

0.330

0.342

0.346

0.332

I3
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5.175

4.575

0.250

1.300

6.400

2.500

6.350

7.750

SKR

SDH

SNG

SKE

SE

SM

SS

SKG

5.850

4.900

SB

SSO

2.000

SMA

SKL

1.250

2.125

SKM

7.200

SKD

SN

SN

0.450

4.250

9.650

10.650

6.900

7.400

9.450

6.750

9.400

7.600

6.000

7.725

8.250

0.176

SKD

8.400

7.700

2.175

7.300

2.500

1.125

3.500

4.875

6.000

7.200

3.000

1.375

0.181

0.132

SKM

0.900

1.900

3.125

5.600

4.625

4.500

0.209

7.900

7.900

3.350
6.300

4.800

4.200
7.500

3.900

7.450

4.000

4.500

6.200

10.500

9.250

2.925

9.400

6.250

5.500

1.625

3.900

4.900

9.400

10.000

0.182

0.128

5.850

4.250

0.168

0.193

4.750

7.000

9.550

8.750 10.650

6.500

0.153

0.289

0.272

0.306

SNG

7.700

5.400

2.300

6.300

1.500

0.378

0.287

0.324

0.349

0.160ns 0.296

0.253

0.167

0.231

0.143

SDH

11.250 11.000

5.850

4.950

3.500

0.162

0.159

0.193

0.086

0.132ns 0.179

0.201

0.227

0.077

0.125ns

0.130

ns

0.190

0.163

SKR

0.251

0.154

0.072ns

SSO

0.193

0.145

0.132ns
0.148

SKL

SB

8.300 12.250

3.350

1.875

2.750

3.500

7.100

7.975

3.500

0.179

0.233

0.198

SMA

7.200

5.500

3.400

5.375

0.365

0.200

0.188

0.201

0.162

0.161ns

0.240

0.122

0.196

0.195

SKE

0.267

0.199

0.217

0.206

SM

10.850

7.400

6.300

0.193

0.317

0.220

0.186

10.200

8.850

0.179

0.233

0.364

0.219

0.213

4.000

0.266

0.172

0.264

0.231

0.256

0.224

0.227
0.235

0.180

0.143

0.213

0.176

0.173

0.154

SKG

0.191

0.201

0.175ns

0.190ns

0.318

0.174

0.179

0.135ns

0.158

0.168ns 0.108ns

0.195

0.212

0.172

0.227

SS

0.104ns 0.193

0.158ns 0.186

0.224

0.174

0.178

0.162

SE

Table 2 Geographic distances (km, below diagonal) and pairwise population genetic distances (Φ ST, in bold, above diagonal) between
populations of S. pratensis. All pairwise genetic distances are signiﬁcant except those indicated as ns.
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Sample size
Correctly assigned (%)
Mismatched assigned (%)
Ambiguously assigned (%)

SKD
SN
SKM
SMA
SB
SKL
SSO
SKR
SDH
SNG
SKE
SE
SM
SS
SKG

From

3

28

SN

28
33
89.3 84.8
10.7 9.1
0
6.1

3

25

SKD

25
68.0
20.0
12.0

1

3
17
1

SKM

5

30
9
86.7 55.6
3.3 22.2
10.0 22.2

1

26

2

SMA SB

26
76.9
11.5
11.5

1

20
1

1

SKL

25
88.0
4.0
8.0

1

22

SSO

24
33.3
62.5
4.2

8

9
5
1

SKR

25
92.0
8.0
0

1
23

1

23
91.3
4.3
4.3

21

1

25
92.0
0
8.0

23

SDH SNG SKE

11
81.8
18.2
0

9

2

SE

8
1

1

SS

28
10
82.1 80.0
17.9 20.0
0
0

23

2
3

SM

9
88.9
11.1
0

8

1

SKG

Table 3 Numbers of individuals assigned to populations. Table shows the percentage correctly assigned individuals, the percentage individuals
assigned to other than source population (mismatched) and the percentage ambiguously assigned individuals, using a frequency-based
assignment test (Paetkau et al. 1995)
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The SKD, SN, SMA, SKL and SM populations (with sample sizes larger than 25
individuals) were used in spatial autocorrelation analysis. Preliminary results showed that a
signiﬁcant autocorrelation between individuals of these populations was detected, ranging
from 0.56 (SB) to 7.8 m (SN), with an average of 4.8 m.
DISCUSSION
Changes in gene ﬂow patterns between populations and regional population structures
may be the consequence of site- and species-speciﬁc habitat fragmentation (Jacquemyn
et al. 2003). Such changes would also be expected for Succisa pratensis populations in the
Achterhoek area in the Netherlands, as the area became severely fragmented during the last
century (Soons et al. 2005). The remaining 15 populations are highly isolated and mostly
very small, making them an ideal subject to study the eﬀects of reduced gene ﬂow and
genetic drift on the regional population structure patterns.
Our estimates of population diﬀerentiation of S. pratensis in the Achterhoek area
were high (overall Φ ST = 0.21) and signiﬁcant suggesting the existence of gene ﬂow barriers
between the populations. These barriers may consist of nutrient-rich, dry farming areas
that surround the remaining populations. Such areas strongly reduce seed establishment
(Jongejans et al. 2006) and therefore the chance to found new populations in between the
remaining populations. Assuming that seed dispersal by wind does not exceed a distance of
4 m (Soons et al. 2004), seeds are expected to remain either in the population of origin or
to be lost to unsuitable habitats.
The results of the assignment test revealed limited levels of gene ﬂow, as most of the
individuals (79.4%) were assigned to the population from which they were sampled. In
comparison, of the long-distance seed dispersing H. radicata far less individuals (32.3%)
were correctly assigned in the same sites (Mix et al. 2006b) indicating higher levels of gene
ﬂow compared to S. pratensis. However, a low proportion of the individuals of S. pratensis was
mismatched and equivocally assigned, suggesting that low levels of gene ﬂow still take place
between some of the populations and that the populations diﬀer in their reaction to isolation.
Therefore, the results show that despite the large distances between the populations, isolation
might not be complete. Assuming interpopulation distances too large to be bridged by seed
dispersal by wind, the few long-distance dispersal events suggested by the assignment test
may have been caused by animal movement (zoochory) or human activity or may be due to
low levels of pollen ﬂow. Soons et al. (2005) argued that seed dispersal by other mechanisms
would be very unlikely. Low pollen ﬂow between populations as suggested by the assignment
test is consistent with the high values for FIS and the low HE found in an allozyme study
by Vergeer et al. (2003a) for the same small and isolated populations in this area. Low
pollen ﬂow might lead to changes in pollination behaviour from insect pollination towards
self-fertilization, and this could result in reduced reproduction (Vergeer et al. 2004). Such
disrupted plant – pollinator interactions have been shown to occur in fragmented landscapes
(Kearns et al. 1998, Kwak et al. 1998, Steﬀan-Dewenter and Tscharntke 1999) where small
and isolated populations may be overlooked by pollinators (Richards et al. 1999).
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We found no relationship between genetic and geographic distances, indicating
that our system is not in migration-drift equilibrium (Hutchison and Templeton 1999).
Migration-drift equilibrium would not be expected considering the fragmentation process
of about 100 years and the longevity of the species. In a non-equilibrium situation gene ﬂow
may either be present at very high levels, creating a random pattern between genetic and
geographic distances, or it may be virtually absent. In the case of absent (or substantially
reduced) gene ﬂow, genetic drift becomes more prominent, resulting in genetically
diﬀerentiated populations. Our results of the assignment test (high proportion correctly
assigned), but also the modelled seed dispersal distance of 4 m (Soons et al. 2004) and
the reduced seed establishment in the surrounding areas (Jongejans et al. 2006) point
towards the latter, indicating that it is mainly genetic drift which is responsible for the high
level of population diﬀerentiation. The preliminary results of the spatial autocorrelation
analysis show an average autocorrelation between individuals within populations of 4.8 m,
suggesting that dispersal is indeed limited. This is in the line of the ﬁndings of other recently
published studies on S. pratensis that modelled connectivity in the Achterhoek area (Soons
et al. 2005) and long-term spatial dynamics of fragmented populations in Czech (Herben
et al. 2006). Both papers suggest that the present day occupation of S. pratensis is more
likely due to long-living individuals that have survived rather than to dispersal.
Small and isolated populations often show reduced levels of genetic variation (for
reviews see Frankham 1996, Young et. al. 1996, Booy et al. 2000). However, the eﬀect may
be delayed or weakened for long-lived plant species, because the negative eﬀects of habitat
fragmentation can be postponed to some extent (Eriksson 1996). The results of the present
study show that genetic variation for the short-distance seed dispersing S. pratensis was still
high (mean Shannon’s diversity index I = 0.3 and percentage polymorphic loci PLP = 0.64),
although somewhat lower than that found in populations of S. pratensis in large nature
reserves elsewhere in the Netherlands (Smulders et al. 2000), where a PLP of 0.78 (using
the same AFLP primers) was found exclusively in large populations. Our results and a
comparison with the study by Smulders et al. (2000) indicate that genetic diversity was still
present at our highly fragmented study site, but was declining due to reduced population
sizes and interrupted gene ﬂow. These high levels of genetic variation within all populations,
in combination with large distances between populations and a low potential for longdistance dispersal, may also indicate that all populations represent remnant decimated
populations from former closed, dense, nutrient-poor grassland vegetations (Fig. 1, Soons
et al. 2005).
The results of our study conﬁrm the hypothesis of delayed eﬀects in long-lived species,
since genetic variation was still high. However, severe habitat fragmentation may have
consequences for the persistence of S. pratensis populations. Gene ﬂow between populations
was limited and the suitable habitats for S. pratensis were restricted to a few isolated sites,
indicating that populations did not occur within a metapopulation context but appeared to
be in more or less isolated remnants. The few S. pratensis populations in species-rich nature
conservation areas within this landscape show a population growth rate (λ) greater than 1
(Jongejans and de Kroon 2005), indicating that such populations are doing well, despite
the high level of fragmentation. Management to increase the number of populations and
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the probability of population survival should aim at reducing interpopulation distances by
increasing the suitable area around existing sites and re-establishing suitable sites between
remaining populations.
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HABITAT FRAGMENTATION
Habitat fragmentation aﬀects habitat patterns by reducing the total available habitat area,
increasing the number of habitat patches, reducing patch sizes and increasing patch isolation
(Fahrig 2003). Theoretical considerations predict that small and isolated populations are
seriously aﬀected by inbreeding and genetic drift, reducing not only ﬁtness (Ellstrand and
Elam 1993) but also the genetic potential to adapt to changing environments (Frankel and
Soulé 1981, Endler 1986). These processes have been collectively called genetic erosion
(Bijlsma et al. 1994). Although interpopulation gene ﬂow may counterbalance these
negative eﬀects by increasing the level of genetic variation, gene ﬂow may be interrupted
as interpopulation distances become too large to be bridged (Young et al. 1996). Due to
genetic erosion, populations may face a greater risk of extinction (Ouborg 1993, Van Treuren
1993). More recent studies have clearly demonstrated that (multigenerational) inbreeding in
a butterﬂy species (Saccheri et al. 1998), Drosophila (Bijlsma et al. 2000, Reed et al. 2002,
Reed et al. 2003) and bulb mite (Radwan 2003) does indeed lead to population extinction,
underlining the impact of population genetic processes on the persistence of populations.
For longer-lived plant species, these processes might in reality take rather lengthy periods of
time. But a study on the extinction risks in small populations of Silene littorea has recently
demonstrated that inbreeding depression reﬂects a serious threat to the short-term survival
of plant species as well (Vilas et al. 2006)
Dispersal has been recognized as an important aspect of gene ﬂow of plant population
persistence or metapopulation dynamics in fragmented landscapes (Ouborg et al. 1999).
Dispersal may ‘rescue’ fragmented populations, as genetically diﬀerent immigrants from
outside disperse into the population (Brown and Kodrik-Brown 1977, Richards 2000).
However, the dispersal ability of species may be altered by habitat fragmentation via two
diﬀerent processes. Populations of reduced size experience an increased impact of genetic
drift and bi-parental inbreeding (Ellstrand and Elam 1993) that might reduce the dispersal
ability. Increased isolation, can also result in increased selection against dispersal, as highly
dispersed seeds may be lost to unsuitable habitats. Thus, selection within populations will
favour individuals with a low dispersal potential (Olivieri et al. 1995, Cody and Overton
1996). If populations are to persist in fragmented landscapes, and to avoid inbreeding,
successful dispersal may be crucial for plant species. Therefore, species that are adapted
to long-distance seed dispersal might have an advantage over short-distance dispersing
species, although the relationship between seed dispersal and the genetic eﬀects of habitat
fragmentation are complex and poorly understood.
The studies described in this thesis, therefore, aimed to clarify the complexity of genetic
eﬀects of habitat fragmentation in relation to the breeding system, dispersal ability and longevity
of two diﬀerent plant species in a speciﬁc regional context, and included the eﬀects of inbreeding
and (the absence) of dispersal (gene ﬂow). This ﬁnal chapter summarizes and integrates the
results presented in the previous chapters demonstrating to what extent habitat fragmentation
aﬀects dispersal traits, the balance between inbreeding depression and outbreeding depression
and the levels of gene ﬂow of the two species examined in these studies. The results of the
various studies have been synthesized to answer the question to what extent longevity and
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long-distance seed dispersal might help plant populations to survive the fragmentation of their
habitats. Recommendations are oﬀered to improve the viability of the populations. Finally,
prospects for future research are presented.
I. INFLUENCE OF HABITAT FRAGMENTATION ON DISPERSAL TRAITS
The genetic eﬀects of reduced population size and/or increased isolation on population
viability have been extensively investigated during the last decade (Van Treuren et al. 1993b,
Oostermeijer et al. 1994, Fischer en Matthies 1998, Hooftman and Diemer 2002, Lienert
et al. 2002, Vergeer et al. 2003a). Such studies have clearly demonstrated that these eﬀects
can be detected in both rare and common species (Morgan 1998, Hooftman et al. 2003b).
They often result in reduced seed production (Donohue 1998, Kéry et al. 2000, Picó et al.
2004a, Vergeer et al. 2004), seed germination (Menges 1991) or genetic variability (Ouborg
et al. 1991, Frankham 1996, Hooftman et al. 2003b, Vergeer et al. 2003a). The eﬀects of
a reduced population size and a higher degree of isolation on the dispersal traits of species,
however, have largely been ignored. This is the more surprising since dispersal is considered
to be subject to selection (Gadgil 1971, Schmitt et al. 1985, Olivieri et al. 1995, Cody and
Overton 1996). The condition that dispersal is subject of selection requires that genetic
variation exists for dispersal traits. This has recently been demonstrated by Donohue et
al. (2005). Therefore, genetic drift and the concurrent inbreeding in small and isolated
populations may inﬂuence the dispersal ability of the progeny.
Successful seed dispersal includes the ability to disperse and to establish. The
genetic eﬀects on seed dispersal and establishment traits were studied in two plant species,
Succisa pratensis and Hypochaeris radicata, exhibiting diﬀerent seed dispersal strategies and
longevities (chapter 2). As a result of these diﬀerences, these plant species are expected to
respond diﬀerently to reduced population sizes and increased degrees of isolation. In a
changing environment, short-lived species will accumulate genetic erosion eﬀects faster than
long-lived species, while isolation may have a greater eﬀect on dispersal traits in populations
of long-distance seed dispersing species that become isolated by habitat fragmentation.
The dispersal ability was determined by calculating the terminal velocities (Vt) of
the seeds (chapter 2). For both species, Vt is highly dependent on seed mass, while in the
case of H. radicata, Vt also depends on pappus diameter (Soons and Heil 2002). The lower
the species’ Vt, the farther seeds can travel, assuming no diﬀerences in seed release height
or the height of the surrounding vegetation (Soons et al. 2004). Relating Vt to population
size and isolation (chapter 2), we found a higher terminal velocity for S. pratensis, implying
reduced seed dispersal, in highly isolated populations (chapter 2), whereas we found a lower
Vt, implying better dispersal, in small populations of H. radicata (chapter 2). Establishment
in terms of germination was reduced in smaller populations of S. pratensis, while for the
more common H. radicata establishment in terms of juvenile size was lower in more isolated
populations.
The results indicate that habitat fragmentation may aﬀect the dispersal ability and
establishment of plant species, and that the outcome diﬀers between the two plant species
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we studied. Isolation reduced the dispersal ability of the short-distance dispersing species
(S. pratensis), while contrary to expectations the dispersal ability of H. radicata was greater
in smaller populations. The latter is very surprising, because until now the genetic eﬀects of
habitat fragmentation were assumed to be exclusively unfavourable, causing genetic erosion
and deterioration of the genetic basis of plant populations (Ouborg 1993, Van Treuren
1993). Cody and Overton found a loss of dispersal ability in isolated local populations of
H. radicata, from which they suggest a causal relationship between population isolation,
loss of long-distance dispersing seeds to a non-suitable environment and selection against
long-distance dispersal (Olivieri et al. 1995, Cody & Overton 1996). In the present study
and a previous study on H. radicata in fragmented landscapes (Soons and Heil 2002), no
reduced long-distance dispersal ability was found in small and isolated populations. On the
contrary, the dispersal ability of H. radicata increased in small populations (lower terminal
velocity). This indicates that habitat fragmentation may have strong measurable eﬀects
on the short term (selection favouring dispersal) than on the long term (selection against
long-distance dispersal ability as an evolutionary consequence of isolation). It is possible
that at a low level of fragmentation, seeds of H. radicata are selected for long-distance
dispersal, while with increasing distance, seeds will show a reduced dispersal ability as a
consequence of inbreeding and selection against dispersal. To test this hypothesis, however,
interpopulation distances in H. radicata should be larger than those present in the region
we studied.
II. BALANCE BETWEEN INBREEDING AND OUTBREEDING
Eﬀ ects of inbreeding and outbreeding on dispersal traits
Although the results of chapter 2 clearly show a relationship between reduced population
size and increased isolation, and a change in the dispersal ability of the species, the study
reported on in that chapter did not explicitly distinguish between the eﬀects of inbreeding,
genetic drift or selection, as it used an indirect, implicit approach (regression statistics),
which has been used in most of the studies of the eﬀects of reduced population size and/or
isolation (Oostermeijer et al. 1994, Lienert et al. 2002, Hooftman et al. 2003b, Vergeer
et al. 2003a). This problem can at least partly be resolved by using artiﬁcial pollination
treatments to measure inbreeding depression on dispersal traits (Johnston and Schoen 1994).
Inbreeding depression has been shown to manifest itself in many stages of the life cycle
(Charlesworth and Charlesworth 1987, Keller and Waller 2002). However, measurements
of the eﬀects of inbreeding on plant dispersal traits have been scarce.
In our research, cross-pollination experiments comparing dispersal traits of selfed,
biparental and other outcrossed lines showed that inbreeding did indeed reduce dispersal
(higher terminal velocity, Vt) in the long-distance seed disperser H. radicata. This ﬁnding
may be caused by the fact that inbreeding strongly reduced seed set (F4,11 = 12.74; p < 0.001;
meanselﬁng = 25.5, meanoutbreeding = 33.2) in this species. The few inbred seeds were increased
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in size due to reallocation of maternal resources (chapter 3, but see also Picó et al. 2004a).
Larger seeds in turn increased the Vt of the species, showing that inbred seeds of this species
travel over shorter distances than outbred seeds (chapter 3).
The dispersal ability of the short-distance seed disperser S. pratensis, on the other
hand, was not aﬀected by inbreeding (chapter 3), although inbreeding reduced seed set in
this species as well (chapter 5).
Assuming that inbreeding, genetic drift and selection represent the main genetic
processes that aﬀect small, isolated populations, the results presented in chapters 2 and 3
clearly demonstrate that in H. radicata an increase in dispersal ability in small populations
(chapter 2) may be due to selection favouring dispersal. Inbreeding, on balance, reduces
the dispersal ability of the species (chapter 3) and genetic drift is a stochastic genetic eﬀect
causing random loss or ﬁ xation of alleles. For S. pratensis on the other hand, inbreeding does
not aﬀect the dispersal ability (chapter 3). Therefore, the most important factor reducing
seed dispersal of isolated populations of this species may be selection against dispersal as
more isolated populations had a decreased Vt (chapter 2).
These results contradict the expectation that the species with long-distance dispersing
seeds (H. radicata) would be more aﬀected by isolation than the species with short-distance
dispersing seeds (S. pratensis). In particular, S. pratensis showed a reduced dispersal ability
after isolation (chapter 2). In H. radicata negative eﬀects of inbreeding are not yet visible.
However, when inbreeding sets in, negative eﬀects may indeed accumulate faster in the
short-lived species H. radicata (chapter 3).
Eﬀ ects of inbreeding and outbreeding in a stressful environment
Inbreeding and outbreeding both may reduce the ﬁtness of individuals (Ouborg and Van
Treuren 1994, Trame et al. 1995, Hedrick and Kalinowski 2000, Galloway et al. 2003).
In addition to these genetic eﬀects, habitat deterioration may also aﬀect individual ﬁtness
(Vergeer et al. 2003b), speeding up the ultimate population extinction (Bijlsma et al.
2000). Both genetic eﬀects and the environment have been shown to negatively interact
under lab conditions in Drosophila (Dahlgaard and Hoﬀmann 2000) and becomes more
severe under stressful conditions (Bijlsma et al. 1999). The ﬁndings of these studies clearly
indicate that environmental conditions are important determinants of the intensity with
which genetic eﬀects are expressed. However, the relationship between environmental
conditions and the expression of inbreeding and outbreeding in plant species that have a
much longer generation time needs further research. For example, Vergeer et al. (2003b)
found a relationship between eutrophication and acidiﬁcation and population size in S.
pratensis resulting in reduced seed weight, germination and reproductive ﬁtness of small
populations in deteriorated habitats. These results were attributed to inbreeding (Vergeer
et al. 2003b), showing that environmental and genetic processes may combine to reduce
population performance.
To investigate whether inbreeding and outbreeding does indeed reduce plant
performance under stress conditions, we grew inbred and controlled-pollinated lines of H.
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radicata and S. pratensis under normal and acidic soil conditions (chapter 3). The results
showed that although the performance of both species strongly declined under acidic
conditions, inbreeding and outbreeding did not aggravate this process. Comparing these
ﬁndings with the study by Vergeer et al. (2003b), our data suggest that the combined
eﬀects of inbreeding and deteriorated habitat mainly act in the initial stages of the life cycle
(reducing seed weight and germination, Vergeer et al. 2003b) and less in later life cycle
stages (growth and ﬂowering, chapter 3).
Eﬀ ects of inbreeding and outbreeding on long term local adaptation
Isolated, fragmented populations lack eﬀective interpopulation gene ﬂow (Hutchison and
Templeton 1999, Huﬀord and Mazer 2003). Selection in such isolated populations may
favour adaptation to local environmental conditions (Galloway and Fenster 2000). Local
adaptation is measurable as a home site advantage in ﬁtness when individuals that are locally
adapted show reduced ﬁtness after being transplanted to other sites. Local adaptation eﬀects,
however, have not always been found (Helenurm 1998). In our study, we were interested
in ﬁnding out whether inbreeding would have an eﬀect on the local adaptation process of
the species we studied (chapter 4). When isolated populations become small as well, they
may show reduced ﬁtness due to inbreeding depression. Selection pressure against lower
ﬁtness may, on the one hand, decrease the level of genetic variation, which in turn may
reduce the genetic potential of the population to adapt to speciﬁc environments (Byers and
Waller 1999, Huﬀord and Maser 2003). On the other hand, selection against lower ﬁtness
(purging of lethals, Keller and Waller 2002) may favour adaptation.
In our case we were not able to detect local adaptation to speciﬁc home sites for the two
species S. pratensis and H. radicata, nor did we ﬁnd an eﬀect of inbreeding or outbreeding
on local adaptation, although we detected eﬀects of pollination. Our results show that
outbreeding depression occurred on the length of the ﬂowering stalk and heterosis eﬀects
were measured on the survival probability in the ﬁrst year, in relation to the transplant
site (chapter 4). This indicates that the magnitude of outbreeding eﬀects may diﬀer in
various environments. Inbreeding reduced the relative growth rate of vegetative plants of
the mainly outcrossing species H. radicata. The fact, however, that we did not detect local
adaptation could have various causes. First, the fragmentation and deterioration of the
type of landscape we studied started about a century ago (Soons et al. 2005), and local
adaptation might need a longer period to become detectable. Second, even though there
were detectable contrasts between the home and transplant sites, diﬀerences in these sites
might not be large enough to force adaptation.
III. MEASURING GENE FLOW
Habitat fragmentation unfavourably alters regional population structures and patterns of
interpopulation gene ﬂow by separating continuous habitats into small isolated remnants
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Table 1 Gene ﬂow and population structure characteristics of Succisa pratensis and Hypochaeris
radicata
Character
Breeding system
Pollination
Seed dispersal distances
(Soons et al. 2004)
Population description

Succisa pratensis
(AFLP)

Hypochaeris radicata
(Microsatellites)

mixed
(Fryxell, 1957)

mainly outcrossing
(Aarssen 1981, Grime et al.
1988)
insects
100 m (occasionally 400m)

insects
4m
15 remaining populations
(4 in conservation areas,
11 in linear landscape elements),

Populations are scattered over
the entire landscape

in linear elements below 200,
in conservation areas above 1500

in linear elements below 150,
in conservation areas above 500

more than 1 km

more than 500 m

Population structure

Signiﬁcant, Φ ST = 0.21

Low but signiﬁcant, θ = 0.04

Pairwise population
diﬀerentiation

Signiﬁcant for 91 out of 105
population pairs (86.7%)

Signiﬁcant for 7 out of 109
population pairs (6.4%)

- population size
(number of individuals)
- population distances

Interpopulation gene ﬂow

low

high

Zero - low

up to several hundred m

low

up to about 3.5 km

79.4%

32.3%

10.9%

34.0%

no,
genetic drift determines population
structure more than gene ﬂow

yes,
gene ﬂow determines population
structure up to 3.5 km,
genetic drift beyond 3.5 km

PLP = 0.64, I = 0.3

Ho = 0.82

-0.1 to 0.79 positively related to
population size (on average 0.3,
Vergeer et al. 2003a)

-0.06 to 0.12 no relationship
with population size (on average
0.04)

- of which seed ﬂow
- of which pollen ﬂow
- Assignment
to source population
(no gene ﬂow)
to other populations
- Isolation-by-distance

Genetic variation
Inbreeding coeﬃcient (F IS)

Φ ST and θ = measures of population diﬀ erentiation
PLP = percentage polymorphic loci
I = Shannon’s diversity index
Ho = observed heterozygosity
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(Young et al. 1996). However, the impact of habitat fragmentation depends on the dispersal
ability of the species and thus on the amount of gene ﬂow both by pollen and seeds. Longdistance seed dispersing species may be able to bridge larger interpopulation distances,
while short-distance dispersing species may not. Pollen may travel larger distances, but
pollinator-plant interactions may be interrupted (Kwak et al. 1998). We were mainly
interested whether gene ﬂow of Hypochaeris radicata and Succisa pratensis, species with
contrasting dispersal capacities, would be aﬀected diﬀerently by the same level of landscape
fragmentation. For this study we used the highly fragmented landscape of the Achterhoek
(an eastern region of the Netherlands), that harboured both species in the same ﬁeld sites.
We used molecular markers to determine the eﬀects of habitat fragmentation on levels of
gene ﬂow and population structure in H. radicata, the long-distance seed dispersing species
(microsatellites, chapters 6 and 7), and in S. pratensis, the short-distance seed disperser
(AFLP, chapter 8).
It is generally recommended that a comparison of genetic marker data should be
made between populations of the same species and with the same type of markers. In our
case, both species and markers diﬀered. Lewis and Snow (1992) mentioned that dominant
markers (such as AFLP) might not be as eﬃcient as co-dominant markers (microsatellites)
in detecting population diﬀerentiation. Moreover, in contrast to microsatellite markers,
levels of heterozygosity are not measurable using dominant AFLP markers. However,
Krauss and Peakall (1988) suggested that problems of detection may be overcome by the
large number of polymorphisms usually generated by dominant markers like AFLP. More
recent studies have shown that microsatellites and AFLP markers generate the same level
of information on genetic diﬀerentiation (Mariette et al. 2001) and comparable measures
of genetic diversity (Bensch and Åkesson 2005). We therefore believe that a comparison
of the impact of habitat fragmentation on the population genetics of these two species is
possible.
The results of the population genetic study are summarized in Table 1. S. pratensis
nowadays only occurs in the 15 populations that we sampled, although the species was
present in many more populations in the Achterhoek region in the last century (Soons et
al. 2005). H. radicata on the other hand still does occur in many more places in the same
region today (Table 1).
From the results of our assignment tests and the level of overall population
diﬀerentiation we concluded that the populations of the long-lived, short-distance dispersing
S. pratensis mostly occur as isolated remnants showing very low levels of gene ﬂow (Table 1).
Since S. pratensis can disperse the majority of its seeds unassisted over distances of no
more than 4 m (Soons et al. 2004), the results indicate that any gene ﬂow between the
populations is likely to be due to pollen ﬂow. Other seed dispersal vectors like animals,
mowing machines, ﬂooding are unlikely in this region (Soons et al. 2005). The present
interpopulation distances, mostly more than 1 km, are too large to be bridged by unassisted
seed dispersal. Seeds are therefore expected either to remain in the population of origin or
to be lost to unsuitable habitats. The level of genetic variation, expressed as the percentage
of polymorphic loci (PLP) or Shannon’s diversity index (I), was relatively high, although
lower than that recorded for populations of S. pratensis in large nature reserves elsewhere
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in the Netherlands (Smulders et al. 2000), where a PLP of 0.78 (also based on AFLP data)
was found. Comparison of our results with those of the study by Smulders et al. (2000)
indicates that genetic diversity was still high at our highly fragmented study site, but was
declining due to reduced population sizes and interrupted gene ﬂow. These decreasing levels
of genetic variation, in combination with low levels of interpopulation gene ﬂow, indicate
that these populations represent remnant populations from former widely distributed,
nutrient-poor grassland vegetations (chapter 8).
In the same region populations of the short-lived, long-distance wind dispersing
H. radicata, on the other hand, currently show completely diﬀerent picture. The species
mainly occurs in linear landscape elements and is present in many places in the region.
The results of our measurements of overall population diﬀerentiation, as well as those of
the assignment test we applied and the inbreeding coeﬃcients we found, indicate only a
weak (overall θ = 0.04), although signiﬁcant, population diﬀerentiation and a still high
level of gene ﬂow (Table 1). Gene ﬂow determines the population structure up to 3.5
km, as indicated by the isolation-by-distance pattern we found (chapter 7). Isolation-bydistance describes a positive relationship between the genetic and geographic distances of
populations (Slatkin 1993). Individuals at larger geographic distances are expected to be
less genetically similar than individuals at smaller distances. Beyond 3.5 km, genetic drift
has a much larger impact than gene ﬂow, leading to a random scatter pattern between the
genetic and geographic distances.
Seed dispersal for H. radicata has been estimated to occur up to 400 m (Soons
et al. 2004). The results of our assignment tests, however, indicate a much larger seed
dispersal distance. In a small-scale study on a 2 by 2 km area (chapter 7) we sampled
all populations that were present within the site. About 24.7 % of the individuals had a
genetic composition that did not resemble that of the sampled populations, indicating that
the deviant individuals had probably arrived from outside the 2 by 2 km area. Within this
small-scale area we also found 4 sites where the species had newly established. Distances to
other populations were at least 500 m, conﬁrming that seed dispersal of H. radicata must
exceed the 400 m previously reported (Soons et al. 2004).
Seed dispersal distances of several hundred meters and the linear relationship between
the geographic and genetic distances up to 3.5 km indicate that seed dispersal is mostly
responsible for the pattern at lower distances, while pollen ﬂow is responsible for the gene
ﬂow pattern between populations at larger distances up to 3.5 km. Beyond this distance
genetic drift causes the random pattern between the genetic measures and the geographic
distance. The relatively high levels of gene ﬂow between populations of H. radicata can also
be deduced from the high levels of genetic variation (observed heterozygosity Ho = 0.82,
Table 1). A survey of the small-scale area (all populations were sampled within a 2 by 2
km area) two years after our ﬁrst survey showed that some populations had disappeared
or were reduced, and that new sites had been colonized (chapter 7). This observation, in
combination with the high levels of gene ﬂow, indicates that H. radicata is surviving the
fragmentation of the landscape as a metapopulation, successfully using linear landscape
elements as new temporary habitats. The conservation areas in the region (featuring the
original vegetation type for this region) are now being overgrown by grass species due to
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high nutrient inﬂux from the surrounding farming area. At these sites, H. radicata is now
declining (with a population growth rate below 1, Jongejans et al. 2005). Linear landscape
elements, on the other hand, are still open and relatively nutrient-poor, giving the species
new opportunities for successful establishment. However, the question remains whether in
the long term these new opportunities can compensate for the losses.
SYNTHESIS OF THE RESULTS
In the introduction we hypothesized that, if there are eﬀects of habitat fragmentation,
populations of the long-lived, short-distance dispersing Succisa pratensis would be negatively
aﬀected, while the short-lived, long-distance seed dispersing Hypochaeris radicata might
escape a similar degree of habitat fragmentation by a high level of dispersal. We also
hypothesized that habitat fragmentation might aﬀect seed dispersal ability through genetic
erosion, thereby aggravating the problems caused by habitat fragmentation.
I. Our ﬁst objective was to investigate the impact of habitat fragmentation on dispersal
traits of S. pratensis and H. radicata.
The results showed that habitat fragmentation did aﬀect the regional dynamics of
the two species diﬀerently. Habitat fragmentation reduced the seed dispersal ability in
isolated populations of S. pratensis, while the seed dispersal ability remained intact in small
populations of H. radicata. Secondly, the dispersal ability is aﬀected by inbreeding. Crossing
experiments in the greenhouse showed that inbreeding aﬀected the dispersal ability of both
species diﬀerently. Inbreeding reduced seed set in both species. Smaller numbers of seeds
means that individual seeds are larger, as a result of reallocation of maternal resources, and
may therefore show a reduced dispersal ability (Picó et al. 2004a). This was indeed found
for H. radicata, indicating that inbreeding reduced the dispersal ability of the species as a
result of larger seeds. Inbreeding is one of the genetic factors that aﬀect small populations.
However, the results of chapter 2 show that the smallest population of H. radicata in the
ﬁeld had the lowest terminal velocity, and thus the best dispersal ability. This suggests that
inbreeding may not be the most important factor aﬀecting seed dispersal in fragmented
populations of H. radicata, but that genetic drift and selection for dispersal, but also
environmental factors, may operate increasing the dispersal ability in small populations. For
example, small populations may be founded by seeds that are adapted to long distances.
II. We determined the balance between inbreeding and outbreeding on dispersal traits of
both species and its consequences for the spatial conﬁguration of the populations.
The dispersal ability of S. pratensis was not aﬀected by inbreeding. Hence, a reduction
in the dispersal ability of isolated populations of S. pratensis as found in the study described
in chapter 2 may not have been due to inbreeding but as a result of selection against
dispersal. For H. radicata the dispersal ability improved in smaller populations. Combining
the results of both chapters, we conclude that genetic drift and selection for dispersal (H.
radicata) and against dispersal (S. pratensis) are likely to be the most important factor
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aﬀecting seed dispersal of fragmented populations of both species. For the long-distance
dispersing H. radicata, the results suggest that habitat fragmentation does not always have
an unfavourable outcome, but may lead to an improved dispersal ability.
III. The amount of gene ﬂow among the populations of both species was achieved.
If selection reduces the seed dispersal ability in S. pratensis and increases the dispersal
ability in H. radicata, then gene ﬂow and the regional population structure of the fragmented
populations of both species should be aﬀected diﬀerently. The results of the molecular
studies did indeed show that populations of S. pratensis are so isolated that there is only
a low level of gene ﬂow. Inbreeding values of the same plants obtained with allozymes by
Vergeer et al. (2003a) are negatively related to population size, suggesting that inbreeding
does occur in small populations of this species, conﬁrming our own ideas presented in
chapter 8. Thus, populations of S. pratensis are mostly isolated, leading to limited gene ﬂow
and a greater impact of genetic drift. Inbreeding and selection against dispersal respectively
reduce seed set and seed dispersal of this species, implying that fragmented populations of S.
pratensis really start suﬀering from habitat fragmentation. The species is still present in large
numbers in conservation areas, thus negative eﬀects may indeed be postponed as predicted
for long-lived species (Eriksson 2000). The species can only survive in the fragmented area
because individuals are able to persist for several decades, but reduced seed set and limited
gene ﬂow are certain indications that populations of this species in the future are at risk.
The high levels of gene ﬂow between populations of H. radicata limit the eﬀects of
genetic drift and inbreeding, indicating that genetic eﬀects of habitat fragmentation are
not important in H. radicata in this landscape. In fact, selection seems to favour dispersal.
Our molecular data show that the species is able to cope with habitat fragmentation by
having extensive levels of gene ﬂow at distances of up to several kilometres. The species is
able to move from conservation areas into linear habitats (roadsides, waterways…) and can
eﬀectively function as a metapopulation. One of the advantages of linear habitat elements
is that these sites are open and regularly mown reducing competition, a characteristic that
is beneﬁcial to the persistence of the species (Jongejans 2004). Moreover, linear landscape
elements are widely present in the region, making them ideal sites to establish new
populations of H. radicata. The results suggest that long-distance seed dispersal is certainly
important for the survival of the species. However, habitat quality might even be more
important, implying that despite its long-distance dispersal ability, the species might not
have survived habitat fragmentation if the linear elements had had the same unfavourable
habitat quality as the conservation areas.
Synthesizing the results for S. pratensis and H. radicata, we can conﬁrm our initial hypothesis
and conclude that the long-lived, short-distance dispersing S. pratensis is unfavourably
aﬀected by habitat fragmentation, while the short-lived, long-distance dispersing H.
radicata is not, as long as suitable sites for establishment remain available. Even though
we cannot draw ﬁrm conclusions from the contrast between these two species, the results
at least suggest that diﬀerent species may react diﬀerently to habitat fragmentation, and
their diﬀerent responses could be a direct consequence of the assumed contrast in their
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life histories. Thus, it seems that in fragmented landscapes, long-distance seed dispersal in
combination with the necessary habitat quality is more beneﬁcial than longevity, although
it must be noted that being long-lived may prevent rapid extinction of a species.
RECOMMENDATIONS FOR SPECIES CONSERVATION
Succisa pratensis
This species is as yet not endangered in the Netherlands, although its distribution area
has declined by almost 75% since 1935 (Van der Meijden et al. 2000). In the Achterhoek
region, the decline has been even more dramatic, as suitable nutrient-poor grassland areas
have been reduced by more than 99% as a result of intensive farming (Soons et al. 2005).
The remaining 18 populations of S. pratensis in the Achterhoek are mostly very small (below
200 individuals) and isolated (interpopulation distances of at least 1 km). Genetically,
these populations are threatened by the negative eﬀects of inbreeding, which reduce the
reproduction ability (seed set) and seed dispersal respectively. Seed dispersal is generally
very low in this species (4 m, Soons et al. 2004) and the molecular data show that pollen
ﬂow may also be limited. Limited pollen ﬂow might be due to a generally low level of insect
pollinators in the region, as a consequence of a lower biodiversity. Kwak et al. (1998) showed
that generalist pollinators might be less attracted to species-poor sites. In that case, a higher
level of biodiversity may be an important factor aﬀecting the persistence of S. pratensis in
this region. Since the species is long-lived, the larger populations might persist for a while.
However, to improve the situation and to counterbalance the negative eﬀects of inbreeding
and genetic drift, levels of gene ﬂow should be increased. This might be achieved by:
•
•
•
•

expanding the suitable areas that surround the remaining populations;
re-establishing suitable sites between persisting populations and then reintroducing the species, thus enhancing the connectivity between populations;
introducing individuals from large populations in threatened populations;
increasing and preserving biodiversity, as high biodiversity may attract more
pollinators.

Thus habitats should be larger, more connected and richer in species.
Hypochaeris radicata
The species is not threatened in the Netherlands. In the Achterhoek region, however, it is
disappearing from the remaining conservations areas, because these areas have become too
nutrient-rich and are being overgrown, resulting in population growth rates below 1 for
this species (Jongejans et al. 2005). For this species, habitat deterioration might be more
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threatening than genetic erosion. The species has moved successfully from the conservation
areas into linear landscape elements. Seed and pollen ﬂow are not limited. The species has
therefore survived severe habitat fragmentation as a metapopulation with local extinction
and re-colonization. Our research also showed that the species is easily able to colonize new
sites, as long as they are open and nutrient-poor. Thus, long-term persistence requires that
suﬃcient suitable sites are available, since the species is short-lived and unable to survive for
decades. The following recommendations can be made for the preservation of H. radicata:
•
•

regularly creating open sites to ensure opportunities for establishment;
improving the existing habitat quality in nature reserves to make it suitable for
the species.

PROSPECTS FOR FUTURE RESEARCH
This thesis provides answers to questions about the genetic eﬀects of habitat fragmentation on
two plant species diﬀering in longevity and dispersal ability. The combination of ecological
and molecular studies increases our understanding of the way the interacting eﬀects of
inbreeding, genetic drift and gene ﬂow aﬀect the persistence of fragmented populations.
What remains diﬃcult is to disentangle the correlated eﬀects of population size and
isolation. This study indicate that these two might have diﬀerent eﬀects and more research
is needed here taken into account diﬀerent combinations of degrees of isolation and varying
population sizes. The impact of habitat fragmentation on pollinators and pollinator–species
interaction should be addressed more explicitly, for example by marking and following
insects in the ﬁeld or by studying the eﬀects of inbreeding on plant–pollinator interactions.
This should reveal the importance of pollinators for outcrossing species. Such research could
be combined with molecular marker studies that include parental analysis or pollen ﬂow
measurements to determine the contribution of pollen ﬂow to gene ﬂow more directly.
The genetic eﬀects of habitat fragmentation were studied using two relatively
abundant species. The results show how longevity and a long-distance dispersal ability help
these species to survive fragmentation. More information on other species with other life
histories is needed to allow the results to be extrapolated. Such research should include
experiments that also study the eﬀects of habitat fragmentation on the longevity of species,
survival in seed banks and the ability to compete with invasive species.
Global changes to the environment are expected in the future. The research project
reported on in this thesis investigated the eﬀects of inbreeding in an acidic environment.
However, habitat deterioration also includes eutrophication, water shortages and higher
temperatures worldwide. Further research is needed to examine how these factors aﬀect
genetic, demographic and spatial processes. Such research should also include more species
traits.
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Samenvatting
Inteelt en uitwisseling van genetisch materiaal
De populatiegenetica van plantensoorten in
versnipperde landschappen
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HABITATVERSNIPPERING
Menselijke activiteiten hebben een grote invloed op de natuur. Intensief landgebruik
leidt tot overbemesting, verzuring en verdroging van grote gebieden die oorspronkelijk de
natuurlijke leefomgeving voor planten en dieren waren. Resterende natuurlijke populaties
worden daardoor vaak omgeven door agrarisch of anders gebruikt land dat ongeschikt is
geworden voor de vestiging van de oorspronkelijke bewonende plantensoorten. Populaties
van deze soorten worden kleiner en raken geïsoleerd van elkaar, een proces dat versnippering
of fragmentatie van het natuurlijke leefgebied (habitat) genoemd wordt. Vanwege de grote
eﬀecten van habitatversnippering wordt dit gezien als een van de belangrijkste bedreigingen
van biodiversiteit en met name voor weinig mobiele soorten, zoals de meeste van onze
natuurlijke plantenpopulaties. Kleinere, van elkaar geïsoleerde populaties lopen een groter
risico te verdwijnen door natuurlijke catastrofes, toevallige veranderingen in de directe
omgeving (voedsel, water, ziektes etc.), demograﬁsche ﬂuctuaties (variatie in overleven
of voortplanten) en genetische eﬀecten (verlies van aanpassingsvermogen door inteelt en
genetische drift, een toevalproces). Hoewel het vaak een combinatie van deze eﬀecten is,
lijken met name de genetische eﬀecten een belangrijke invloed te hebben op de ﬁtness
en uiteindelijk het overleven van kleine, geïsoleerde populaties. In dit proefschrift wordt
getracht om de invloed van genetische eﬀecten op plantenpopulaties binnen het kader van
habitatversnippering te verhelderen. De volgende vragen komen aan de orde: hangt de
invloed van genetische eﬀecten af van de wijze waarop nakomelingen worden verspreid
(lange of korte afstand van zaad en pollenverspreiding)? Zijn soorten die hun zaden ver
kunnen verspreiden beter bestand tegen versnippering omdat ze grotere afstanden kunnen
overbruggen? Heeft de levensduur van een soort daarmee te maken? Met andere woorden:
overleven langlevende soorten de versnippering van het landschap beter omdat individuen
heel oud kunnen worden?
In principe kunnen kleine, versnipperde populaties last krijgen van inteelt en drift.
Beide leiden tot verlies aan genetische variatie en een verhoging van homozygositeit met
eﬀecten op tal van genetisch bepaalde kenmerken. Inteelt en drift zouden dus ook negatief
kunnen werken op de eigenschappen die voor een verspreiding van zaden zorgen. Dat
kan resulteren in een kortere verspreidingsafstand naar een omgeving die voor kieming
en vestiging ongeschikt is. Verspreiding is in het algemeen, en zeker in een versnipperd
gebied, nodig om de uitwisseling van genetisch materiaal te continueren. Het uitwisselen
van genetisch materiaal via verspreiding van pollen en zaden (gene ﬂow) tussen populaties
zou immers de invloed van inteelt en drift kunnen verlagen, want nieuw genetisch materiaal
vergroot de genetische variatie en leidt vaak ook tot een hogere ﬁtness. Versnipperde
populaties komen op die manier in een negatieve spiraal terecht: afstanden tussen populaties
worden te groot voor verspreiding, populaties lijden aan de negatieve gevolgen van inteelt
en drift. Beide processen kunnen de verspreiding nog meer verslechteren en op die manier
de algehele ﬁtness van een populatie verlagen tot aan het uitsterven van de populaties.

Samenvatting

145

SUCCISA PRATENSIS EN HYPOCHAERIS RADICATA
De theoretische achtergrond van de genetische eﬀecten van habitatversnippering en de
onderzoeksvragen die daaruit voortkomen, zijn opgenomen in hoofdstuk 1. De belangrijkste
vraag, hoe de mate van inteelt invloed heeft op de verspreiding van pollen en zaden (gene
ﬂow), is in dit proefschrift onderzocht bij twee plantensoorten uit heischrale graslanden.
Heischrale graslanden zijn in Nederland ernstig aangetast en liggen nu, één eeuw na
het begin van de versnippering, klein en beperkt toegankelijk voor natuurliefhebbers in
agrarische landschappen (bv. de Achterhoek) in Nederland.
De twee gekozen plantensoorten zijn Blauwe knoop (Succisa pratensis) en het Gewone
biggenkruid (Hypochaeris radicata). Beide soorten zijn rozet vormende planten en hun zaden
zijn maar korte tijd levensvatbaar. De bloemen worden via insecten bestoven. Behalve deze
overeenkomsten vertonen de soorten ook duidelijke verschillen, namelijk in levensduur
en in de manier van zaadverspreiding. Planten van de Blauwe knoop leven doorgaans
tientallen jaren en verspreiden hun zaden slechts enkele meters. Planten van het Gewone
biggenkruid daarentegen worden niet ouder dan twee à drie jaar, maar kunnen hun zaden
over enkele honderden meters via de wind verspreiden (Tabel 1). Deze tegenstelling maakt
de twee soorten heel geschikt voor onderzoek naar de genetische eﬀecten in een versnipperd
landschap. De eﬀecten van versnippering op plantensoorten hangen immers samen met de
soorteigen manier van zaadverspreiding en met de levensduur van de individuen. Lange
afstandsverspreiding van zaden kan de eﬀecten van versnippering misschien tegengaan en
een lange levensduur kan de negatieve genetische eﬀecten vertragen.

Tabel 1 Overzicht van eigenschappen van de onderzochte plantensoorten.

Levensduur
Zaadverspreiding

Blauwe knoop
lang
kort

Gewoon biggenkruid
kort
lang

Verwacht wordt dan ook dat populaties van het Gewone biggenkruid bij gelijke
mate van versnippering meer genetisch materiaal met elkaar uitwisselen, dus minder inteelt
vertonen en een hogere mate aan genetische variatie hebben. Populaties van Blauwe knoop
daarentegen zullen waarschijnlijk sterker geïsoleerd zijn en geen tot weinig uitwisseling
hebben met buurpopulaties. Daarom zullen planten van Blauwe knoop meer last hebben
van inteelt en verlies van genetische variatie, tenzij deze voor de genetische eﬀecten gebuﬀerd
blijken omdat ze zo lang kunnen leven.
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INTEELT
Om bovengenoemde verwachtingen te onderzoeken is eerst gekeken of versnippering
van het leefgebied überhaupt tot negatieve consequenties voor zaadverspreiding en
vestiging (kieming en groei van de kiemplanten) leidt (hoofdstuk 2). Als dat zo is, dan
zouden kleinere en/ of geïsoleerde populaties van beide soorten duidelijk een verminderd
vermogen tot verspreiding en vestiging vertonen ten opzichte van grotere dan wel minder
geïsoleerde populaties. In regressieanalyses is zaadverspreiding en vestiging gerelateerd aan
populatiegrootte en de mate van isolatie. De resultaten laten zien dat habitatversnippering
inderdaad zijn invloeden heeft op zaadverspreiding en vestiging. Het vermogen tot
zaadverspreiding van Blauwe knoop bleek namelijk verminderd te zijn in geïsoleerde
populaties en de vestiging van de zaden nam af in kleinere populaties (Tabel 2). Ook voor
Gewoon biggenkruid bleek dat vestiging slechter werd voor meer geïsoleerde populaties.
Het verspreidingsvermogen bleek echter verrassend genoeg te zijn verbeterd in kleinere
populaties (Tabel 2). Dit resultaat suggereert dat zaden van kleine populaties grotere
afstanden kunnen aﬂeggen dan zaden van grote populaties. Dat is des te meer verrassend
omdat er tot nu toe van uit werd gegaan dat habitatversnippering via drift en inteelt alleen
maar negatieve eﬀecten (hier dus verslechtering van het verspreidingsvermogen in kleine
populaties) zou hebben. Uit de resultaten van dit hoofdstuk bleek echter dat dit niet altijd
het geval is, maar dat ook andere factoren, zoals bijvoorbeeld de omgevingsdruk, een rol
spelen bij het vermogen tot verspreiding.

Tabel 2: Overzicht van vitale eigenschappen van planten die verbeterden ( ) of verslechterden ( )
in populaties wanneer die versnipperd raakten (hoofdstuk 2).

Blauwe knoop

Gewoon biggenkruid

Zaadverspreiding
Vestiging

Hoewel de resultaten van hoofdstuk 2 laten zien dat habitatversnippering een eﬀect heeft
op zaadverspreiding en vestiging, is nog niet duidelijk of een veranderd vermogen tot
verspreiding en vestiging door inteelt tot stand komt. In hoofdstuk 3 en 5 is daarom met
behulp van kunstmatige bestuiving gekeken in hoeverre inteelt het verspreidingsvermogen
beïnvloedt. Om inteelt te kunnen meten worden verschillende bloemen op dezelfde plant
bestoven met pollen van verschillende herkomst: met hun eigen pollen (zelfbestuiving, die
leidt tot inteelt) of met pollen van een andere plant uit dezelfde populatie (controlegroep).
Als inteelt een negatief eﬀect heeft op het vermogen van verspreiding, betekent dit dat
ingeteelde planten een verminderd vermogen van verspreiding moeten laten zien ten
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opzichte van de controlegroep. Dit bleek niet het geval voor Blauwe knoop (Tabel 3). Inteelt
verminderde het verspreidingsvermogen van deze soort dus niet (hoofdstuk 3) en is dan
ook niet de verklaring voor het verminderde verspreidingsvermogen dat is gevonden bij
geïsoleerde populaties in het veld (hoofdstuk 2). Wel nam door inteelt het aantal zaden af
(hoofdstuk 5).
Het verspreidingsvermogen van Gewoon biggenkruid bleek door inteelt wel verlaagd
te zijn (Tabel 3). Waarschijnlijk werd dit veroorzaakt door het feit dat inteelt ook hier
het aantal geproduceerde zaden deed afnemen. De weinige zaden bleken groter te zijn en
daardoor slechter te verspreiden.

Tabel 3: Overzicht van de gevolgen van inteeltexperimenten op vitale eigenschappen van planten
die of niet veranderden (-) of verslechterden ( ) wanneer planten ingeteeld werden (hoofdstuk 3
en 5)

Blauwe knoop
Aantal zaden
Zaadverspreiding

Gewoon biggenkruid

-

Worden deze resultaten nu gecombineerd met de resultaten uit hoofdstuk 2, dan
heeft inteelt voor Gewoon biggenkruid wel degelijk een negatief eﬀect op de verspreiding,
maar dat blijkt in de praktijk geen rol te spelen. Juist de kleinere populaties, waar inteelt een
rol zou moeten spelen, hebben een betere verspreiding volgens de resultaten uit hoofdstuk 2
(Tabel 2). Een mogelijke verklaring voor dit resultaat zou kunnen zijn dat inteelt in het veld
nog geen belangrijke rol speelt of dat selectie een sterke factor is binnen het versnipperde
landschap. Misschien wordt bij een bepaald niveau van habitatversnippering het
verspreidingsvermogen juist bevorderd (selectie voor verspreiding), terwijl met de groeiende
isolatie tussen populaties het verspreidingsvermogen als reactie op inteelt en selectie tegen
verspreiding juist afneemt, zoals dat mogelijk het geval is geweest bij Blauwe knoop.
Naast het eﬀect van inteelt op het verspreidingsvermogen en de vestiging is ook
gekeken naar het (extra) eﬀect van inteelt op de daarop volgende groei en de bloei van
planten, zowel in een goed milieu als in een verslechterd (verzuurd) milieu (hoofdstuk
3). Theoretisch wordt verwacht dat inteelteﬀecten juist onder slechtere omstandigheden
hun tol eisen. De resultaten laten zien dat de ﬁtness van planten verslechterde in een
verzuurd milieu, maar inteelt bleek dit niet extra te verergeren. Verder is onderzocht of
inteelt de aanpassing aan een bepaalde standplaats verstoort of misschien juist bevordert
(hoofdstuk 4). Geïsoleerde populaties kunnen zich immers via selectie genetisch aan hun
standplaats aanpassen. Ook hier bleek inteelt de aanpassing in een bepaald gebied niet te
beïnvloeden.

148

GENE FLOW
De benadering die tot nu toe is gekozen, toont de gevolgen van habitatversnippering op
indirecte manier aan. Een relatie tussen bijvoorbeeld populatiegrootte en vitale kenmerken
is een sterke indicatie voor versnipperingseﬀecten. Ook inteeltexperimenten geven aan dat
slechte eﬀecten kunnen optreden als inteelt een rol speelt in het veld. Naast deze indicatoren
kan het eﬀect van versnippering op verspreiding ook worden gemeten door de mate van
uitwisseling van genetisch materiaal tussen versnipperde populaties (gene ﬂow) te bepalen.
Voor het meten van gene ﬂow en het daaruit voortvloeiende niveau van genetische variatie
van populaties is in dit proefschrift gebruik gemaakt van speciale moleculaire DNAmerkers. Dit zijn stukjes DNA van individuele planten, die in lengte van elkaar verschillen
en die op populatieniveau met elkaar worden vergeleken. Hoe meer populaties dezelfde
lengte van een merker hebben, hoe meer deze populaties op elkaar lijken, en dus genetisch
materiaal met elkaar uitwisselen via zaad- of pollenverspreiding. Hoofdstuk 6 beschrijft hoe
één van deze type merkers (microsatellietmerker) voor Gewoon biggenkruid ontwikkeld is.
De ontwikkelde microsatellietmerkers zijn in hoofdstuk 7 toegepast op een groot deel van
de biggenkruidpopulaties in de Achterhoek, een gebied dat zeer sterk versnipperd is. Uit
de resultaten bleek dat er heel veel uitwisseling tussen de populaties plaatsvindt en dat het
niveau van genetische variatie erg hoog is (Tabel 4).
Tabel 4: Overzicht van de mate van gene ﬂow en niveau van genetische variatie van versnipperde
populaties. Genetische uitwisseling en variabiliteit waren hoog ( ) of laag ( ) (hoofdstuk 7 en 8).

Blauwe knoop

Gewoon biggenkruid

Genetische uitwisseling
Genetische variabiliteit

Zaden van deze soort kunnen honderden meters aﬂeggen en hun pollen zelfs
kilometers. De soort is zeer mobiel waarbij populaties zich vestigen in bermen en greppels
(open, korte vegetatie) en verdwijnen uit de dichte, vergraste vegetaties van de beschermde
natuurgebieden. Terwijl inteelt het verspreidingsvermogen van Gewoon biggenkruid in
kasexperimenten verslechtert, blijkt dat de soort in de praktijk zijn verspreidingsvermogen
juist gebruikt om zich buiten de beschermde natuurgebieden te vestigen. Inteelt speelt dus
in de praktijk voor Gewoon biggenkruid geen belangrijke rol.
De genetische uitwisseling van Blauwe knoop is in hoofdstuk 8 gemeten met AFLPmerkers. In tegenstelling tot microsatellietmerkers zijn AFLP-merkers dominant. Dat
betekent dat er geen onderscheid gemaakt kan worden tussen homozygote en heterozygote
individuen en dat er dus geen uitspraak over het inteeltniveau gedaan kan worden. Toch
kan met dit type merker de grootte van de genetische diversiteit binnen populaties worden
bepaald en ook de hoeveelheid genetische uitwisseling tussen populaties. De resultaten
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laten zien dat de Blauwe knoop-populaties in de Achterhoek sterk geïsoleerd zijn (Tabel
4). De afstanden tussen populaties zijn meestal meer dan 1 km en te groot om door de
zaden via wind te worden overbrugd. Ook andere manieren van zaadverspreiding (bv. via
water, dieren, maaimachines) zijn zeer onwaarschijnlijk. Toch blijkt uit de resultaten van
hoofdstuk 8 dat er kleinschalige uitwisseling plaatsvindt, misschien deels te verklaren door
pollenverspreiding via insecten. Het niveau van genetische variatie van de versnipperde
Blauwe knoop-populaties blijkt weliswaar relatief hoog te zijn (Tabel 4), maar wel lager
dan voor Blauwe knoop-populaties die niet versnipperd zijn. Dit steunt de opvatting dat
de genetische variatie in deze populaties relatief hoog blijft omdat individuele planten heel
oud kunnen worden. Maar de afnemende genetische variatie laat ook zien dat er niet meer
voldoende uitwisseling plaats vindt en dat dus op den duur de toestand van de versnipperde
Blauwe knoop-populaties in de Achterhoek zal verslechteren.
SAMENVATTING
Concluderend (hoofdstuk 9) kan gesteld worden dat de oorspronkelijke verwachting is
bevestigd, namelijk dat populaties van het Gewone biggenkruid meer genetisch materiaal
met elkaar zullen uitwisselen, minder inteelt vertonen en een hogere mate aan genetische
variatie hebben dan populaties van de Blauwe knoop. Deze soort heeft weinig genetische
uitwisseling met buurpopulaties, maar een relatief hoog restniveau aan genetische variatie
vanwege zijn lange levensduur. Ogenschijnlijk lijkt er weinig aan de hand. Gewoon
biggenkruid ‘overleeft’ de versnippering vanwege het feit dat de soort zaden en pollen over
lange afstanden kan verspreiden en nog voldoende vestigingsplaatsen vindt in lineaire
landschapselementen zoals greppels etc. De langlevende Blauwe knoop handhaaft zich
in bestaande populaties en ‘wacht’ op betere tijden. De beginnende verslechteringen
in populaties van de Blauwe knoop zouden erop kunnen wijzen dat een eigenschap als
langeafstandsverspreiding beter is dan een lange levensduur om versnippering van het
landschap te overleven. Maar zodra lineaire landschapselementen niet meer geschikt voor
vestiging zijn, heeft Gewoon biggenkruid een vestigingsprobleem en als de versnippering
te lang duurt, krijgt Blauwe knoop last van genetische verarming. In hoofdstuk 9 zijn
aanbevelingen voor verder onderzoek opgenomen. Bovendien is een aantal aanbevelingen
gedaan, gebaseerd op de resultaten van dit proefschrift, voor het lange termijn behoud van
beide soorten.
Voor Blauwe knoop-populaties wordt aanbevolen:
• uitbreiden van geschikte gebieden rondom de bestaande populaties;
• inrichten van geschikte vestigingsplekken tussen de bestaande populaties en
eventueel herintroductie van de soort om de verbinding tussen de bestaande
gebieden te vergroten;
• individuen introduceren uit grote, levenskrachtige populaties in bedreigde
populaties;
• vergroten en beschermen van biodiversiteit, in het landschap als geheel omdat
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een grote mate van biodiversiteit meer bestuivende insecten aantrekt en daarmee
genetische uitwisseling via pollen bevordert.
Voor Gewoon biggenkruid wordt aanbevolen om:
• regelmatig open plekken te creëren in kortere vegetaties in het landschap om
mogelijkheden tot vestiging te garanderen;
• de aanwezige kwaliteit van het leefgebied in natuurgebieden te verbeteren om
vergrassing tegen te gaan en hervestiging van de soort te garanderen.

Zusammenfassung
Inzucht und Genﬂuss:
Die Populationsgenetik von Pﬂanzenarten in
fragmentierten Landschaften

152

HABITATFRAGMENTIERUNG
Menschliche Aktivitäten haben große Auswirkungen auf die Natur. Intensive Landnutzung
und Bewirtschaftung führen zu Überdüngung, Bodenversauerung und Austrocknung
von großen Teilen der Landschaft und damit zur Zerstörung oder Zerkleinerung vieler
natürlicher oder halbnatürlicher Lebensräume (Habitate). Die Resthabitate sind oft von
Ackerﬂächen oder anders genutztem Land umgeben, das damit nicht mehr für die dort
lebenden Pﬂanzenarten zur Verfügung steht. Pﬂanzenpopulationen in solchen fragmentierten
Lebensräumen werden dezimiert und isoliert, ein Prozess, der Fragmentierung des
natürlichen Habitats genannt wird. Habitatfragmentierung hat negative Konsequenzen für
Pﬂanzenpopulationen und wird somit als eine der größten Bedrohungen für die natürlichen
Populationen angesehen.
Kleine, isolierte Populationen sind einem höheren Risiko ausgesetzt, um durch
zufällige Veränderungen in der direkten Umgebung (Nahrung, Wasser, Krankheiten usw.),
durch demographische Fluktuationen (Variationen im Überleben oder der Fortpﬂanzung),
durch genetische Zufallseﬀekte (Inzucht und genetische Drift) und durch natürliche
Katastrophen auszusterben. Oft geht es hierbei um eine Kombination verschiedener
Faktoren. Zahlreiche Untersuchungen aber zeigten, dass vor allem genetische Eﬀekte einen
großen Einﬂuss auf die Fitness der Pﬂanzen haben und damit auf die Überlebenswahrs
cheinlichkeit von kleinen, isolierten Populationen. Es gibt jedoch nur wenige detailierte
Untersuchungen über die Auswirkungen von genetischen Faktoren. In dieser Dissertation
wurde untersucht, welchen Einﬂuss die genetischen Faktoren auf die fragmentierten
Pﬂanzenpopulationen haben. Gibt es zum Beispiel einen Zusammenhang zwischen der
Auswirkung der genetischen Faktoren und der Art und Weise der Samenausbreitung?
Können Pﬂanzenarten, die ihre Samen sehr weit verbreiten, die Fragmentierung besser
überstehen, weil die Samen große Entfernungen überbrücken und damit den Genaustausch
zwischen fragmentierten Populationen ermöglichen? Oder spielt die Lebensdauer eine
Rolle? Können langlebige Arten die Folgen der Habitatfragmentierung besser überleben,
weil die einzelnen Pﬂanzen sehr alt werden können?
Im Prinzip können kleine, fragmentierte Populationen an den Folgen der Inzucht und
der genetischen Drift leiden. Sowohl Inzucht als auch genetische Drift (ein Zufallsprozess,
der zum Verschwinden von Genen aus der Population führen kann) können zu einer
Abnahme der genetischen Variabilität, einer Erhöhung des Grades der Homozygositie und
oft auch zu einer Abnahme der Fitness führen. Als Folge sinkt die Überlebenswahrschein
lichkeit der Populationen. Austausch von genetischem Material durch Pollen und Samen
(Genﬂuss) zwischen den Populationen könnte die Auswirkungen dieser Eﬀekte reduzieren.
Letztendlich erhöht sich die genetische Variabilität und auch die Fitness der Pﬂanzen durch
das neu eingebrachte genetische Material. Ein Problem der Fragmentierung ist allerdings,
dass die Entfernungen zwischen den Populationen oft zu groß geworden sind, um noch auf
eine eﬀektive Weise genetisches Material austauschen zu können. Darüber hinaus kann
Inzucht auch gerade die Eigenschaften, die für die Samenausbreitung verantwortlich sind,
negativ beeinﬂussen und somit bewirken, dass die Samen nur kürzere Ausbreitungsabstände
zurücklegen und in Umgebungen landen, die für Keimung der Samen und Etablierung der
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Jungpﬂanzen nicht geeignet sind. Der theoretische Hintergrund der genetischen Eﬀekte
der Habitatfragmentierung und die Forschungsfragen, die sich daraus ergeben, sind im 1.
Kapitel dargestellt.
SUCCISA PRATENSIS UND HYPOCHAERIS RADICATA
Die beiden Teilforschungen zum Niveau der Inzucht in seiner Beziehung zum Austausch
von genetischem Material, wurden in dieser Doktorarbeit an zwei Pﬂanzenarten in
artenreichen, halbnatürlichen Grasländern durchgeführt. Diese Vegetationstypen sind
in den Niederlanden ernsthaft bedroht und beﬁnden sich jetzt, ein Jahrhundert seit dem
Anfang des Fragmentierungsprozesses, klein und isoliert und beschränkt zugänglich für
Naturfreunde, in der Agrarlandschaft (Achterhoek) im Osten der Niederlande (Dissertation
M. Soons 2003). Die beiden untersuchten Pﬂanzenarten sind der Teufelsabbiss (Succisa
pratensis) und das Gewöhnliche Ferkelkraut (Hypochaeris radicata). Beide Arten bilden
Rosetten und haben Samen, der nur kurze Zeit keimfähig ist. Die Fortpﬂanzung erfolgt
hauptsächlich über Samen. Die Blüten werden von Insekten bestäubt. Die beiden
Pﬂanzenarten unterscheiden sich jedoch in der Lebensdauer und der Samenausbreitung.
Die Pﬂanzen von S. pratensis können sehr viele Jahre überleben, aber ihre Samen werden
nur über ein paar Meter durch den Wind verbreitet. Die Pﬂanzen von H. radicata hingegen
werden nicht älter als zwei bis drei Jahre, können aber ihre Samen durch den Wind mehrere
hundert Meter forttragen lassen. Durch diesen Gegensatz eignen sich beide Arten sehr gut
für die Erforschung genetischer Eﬀekte in einer fragmentierten Landschaft. Schließlich
hängt der Einﬂuss dieser Eﬀekte sehr wahrscheinlich mit der artentypischen Art und Weise
der Samenausbreitung und der Lebensdauer der Pﬂanzen zusammen. Eine Ausbreitung der
Samen über größere Entfernungen könnte die Eﬀekte der Fragmentierung aufheben und eine
lange Lebensdauer kann die negativen genetischen Eﬀekte verzögern. Wir erwarten deshalb,
dass die Populationen von H. radicata, mit der größeren Ausbreitungsentfernung der Samen,
bei dem gleichen Fragmentierungsgrad wie S. pratensis-Populationen, wahrscheinlich viel
mehr genetisches Material miteinander austauschen, weniger zur Inzucht neigen und ein
großes Maß an genetischer Variabilität aufzuweisen haben. Populationen der S. pratensis
hingegen, mit der geringeren Ausbreitungsentfernung der Samen, werden wahrscheinlich
stark isoliert sein. Zudem wird der Genﬂuß zwischen Populationen verringert sein. Auf
Grund ihrer längeren Lebensdauer und abhängig von der Populationsgröße, könnten die
S. pratensis-Populationen an den Folgen von der Inzucht und genetischer Drift zu leiden
haben.
INZUCHT
Um dieser Hypothese nachzugehen, wurde erst untersucht, ob Habitatfragmentierung
tatsächlich negative Folgen auf die Samenausbreitung, die Keimung und Etablierung der
Jungpﬂanzen hat (Kapitel 2). Wenn das der Fall wäre, müssten Individuen aus kleinen
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und/oder isolierten Populationen beider Arten ein schlechteres Vermögen zur Ausbreitung
und Etablierung zeigen als solche aus großen und nicht isolierten Populationen. Mit
Hilfe von Regressionsanalysen wurde der Eﬀekt der Populationsgröße und Isolation
auf die Samenausbreitung und die Etablierung untersucht. Die Ergebnisse zeigen, dass
Habitatfragmentierung sowohl die Samenausbreitung als auch die Etablierung von
Jungpﬂanzen beeinﬂusst. Das Vermögen zur Samenausbreitung war in isolierten S.
pratensis-Populationen geringer als in nicht isolierten Populationen. Außerdem nahm
die Keimungsrate in kleinen Populationen ab. Bei H. radicata nahm die Etablierung
der Jungpﬂanzen mit zunehmender Isolation ab. Das Ausbreitungsvermögen hingegen
nahm entgegen der Hypothese mit zunehmender Populationsgröße ab. Dies deutet also
darauf hin, dass die Samen von kleinen Populationen größere Entfernungen zurücklegen
können, als die Samen von großen Populationen. Bisher wurde davon ausgegangen, dass
Habitatfragmentierung über die genetische Drift und die Inzucht negative Eﬀekte haben
würde (was hier eine Verschlechterung des Ausbreitungsvermögens bedeuten würde).
Die Ergebnisse in diesem Kapitel jedoch verdeutlichen, dass das nicht immer der Fall ist
und dass wahrscheinlich auch noch andere Faktoren (zum Beispiel die Umgebung) einen
Einﬂuss auf das Ausbreitungsvermögen haben.
Obwohl die Resultate des 2. Kapitel zeigen, dass die Habitatfragmentierung
sowohl das Ausbreitungsvermögen als auch die Etablierung von Pﬂanzenarten beeinﬂusst,
ist damit noch nicht deutlich, ob diese Veränderungen auch durch Inzucht verursacht
werden. In den Kapiteln 3 und 5 wurde darum mit Hilfe von Bestäubungsexperimenten
untersucht, inwieweit Inzucht das Ausbreitungsvermögen der Samen beeinﬂusst. Um
Inzucht messen zu können, wurden verschiedene Blüten auf ein und derselben Pﬂanze
mit Pollen unterschiedlicher Herkunft bestäubt. Zuerst mit den blütenneigenen
Pollen (Selbstbestäubung) und anschließend eine andere Blüte derselben Pﬂanze mit
Pollen einer anderen Pﬂanze derselben Population zur Kontrolle. Wenn Inzucht das
Ausbreitungsvermögen negativ beeinﬂusst, haben die selbstbestäubten Pﬂanzen ein
schlechteres Ausbreitungsvermögen als die Pﬂanzen der Kontrollgruppe. Bei S. pratensis
zeigen die Ergebnisse jedoch, dass Inzucht das Ausbreitungsvermögen dieser Art nicht
veränderte (Kapitel 3) und damit nicht das reduzierte Ausbreitungsvermögen der isolierten
Populationen in den fragmentierten Gebieten erklärt (Kapitel 2). Durch Inzucht sank aber
die Anzahl der produzierten Samen (Kapitel 5).
Das Ausbreitungsvermögen von H. radicata wurde durch Inzucht dagegen verringert.
Das bedeutet, dass ingezüchtete Samen eine schlechtere Ausbreitungsfähigkeit haben als
die Samen der fremdbestäubten Blüten. Auch hier sank die Anzahl der produzierten Samen
unter Inzucht ab. Die zahlenmäßig geringeren Samen waren größer und schwerer und
hatten damit eine geringer Ausbreitungsfähigkeit
Werden diese Ergebnisse mit den Resultaten aus dem 2. Kapitel kombiniert, hat
Inzucht einen negativeren Einﬂuss auf das Ausbreitungsvermögen von H. radicata, aber
das scheint in den natürlichen Populationen keine Rolle gespielt zu haben. Immerhin
waren negative Eﬀekte der Inzucht vor allem in den kleinen Populationen erwartet
worden. Gerade diese Populationen haben den Ergebnissen des 2. Kapitels zufolge eine
bessere Ausbreitungsfähigkeit gezeigt. Eine mögliche Erklärung wäre, dass Selektion
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(in Kombination mit Umweltfaktoren) innerhalb der fragmentierten Landschaften eine
wichtige Rolle spielt. Wahrscheinlich ist es so, dass bei geringer Fragmentierung das
Ausbreitungsvermögen vor allem gefördert wird (Selektion zugunsten der Ausbreitung),
während das Ausbreitungsvermögen mit zunehmender Entfernung zwischen den
Populationen als eine Reaktion auf Inzucht und Selektion gegen Ausbreitung abnimmt.
Ferner wurde untersucht, ob Inzucht einen Eﬀekt auf die Fitness der Pﬂanzen
in verschlechterten (sauren) Bodenverhältnissen hatte (Kapitel 3) und ob Inzucht die
Anpassungsfähigkeit der Population negativ oder positiv beeinﬂusste (Kapitel 4). Beides
schien nicht der Fall. Unter Versauerten Bodenbedingungnen wurde die Fitness der Pﬂanzen
beider Arten stark reduziert, Inzucht jedoch beeinﬂusste diesen Prozess nicht. Außerdem
schien in den untersuchten Gebieten auch keine speziﬁsche Anpassung stattzuﬁnden, die
durch Inzucht beeinﬂusst werden konnte.
GENFLUSS
Außer indirekt (Regressionsanalysen) oder experimentell (messen der Ausbreitung der
Samen) kann die Ausbreitung auch gemessen werden, indem die Menge des Austausches
von genetischem Material (Ausbreitung über Samen und Pollen) zwischen den
Populationen festgestellt wird. Es wurde erwartet, dass die eventuell vorhandenen Eﬀekte
der Habitatfragmentierung durch den Austausch von genetischem Material beeinﬂusst
werden können. Genﬂuss und genetische Variabilität der Populationen wurden in dieser
Dissertation mit molekularen DNA-Marker bestimmt. Diese Marker kennzeichnen
Abschnitte auf der DNA. Die Länge der DNA-Abschnitte kann sich zwischen einzelnen
Pﬂanzen unterscheiden und ermöglicht so einen Vergleich zwischen Pﬂanzen und zwischen
Populationen. Je öfter dieselbe Länge vorkommt zwischen den Populationen, desto mehr
ähneln die Populationen sich und haben somit viel genetisches Material ausgetauscht. In
Kaptitel 6 wird die Entwicklung und Charakterisierung eines DNA-Marker-Typs, den
Mikrosatelliten für H. radicata, beschrieben. Die entwickelten Mikrosatelliten-Marker
wurden in Kapitel 7 verwendet, um die genetische Variabilität und den Austausch von
genetischem Material zwischen Populationen von H. radicata im stark fragmentierten
niederländischen Gebiet ’De Achterhoek’ zu bestimmen. Die Ergebnisse deuten auf starken
Genﬂuss zwischen Populationen und auf ein hohes Maß an genetischer Variabilität hin.
Samen tragen zum Austausch von genetischem Material über mehrere hundert Meter,
Pollen sogar über Kilometer bei. Aus der Dissertation von Jongejans (2004) ergab sich, dass
H. radicata-Pﬂanzen sich aus den heutigen Naturschutzgebieten zurückziehen, weil diese
zu viele Nährstoﬀe enthalten und zu stark von hohem Gras besetzt sind. Die Resultate
aus dieser Dissertation weisen darauf hin, dass für H. radicata eine Verschiebung des
Habitats stattﬁndet. Populationen scheinen sich besser an Straßenrändern und Böschungen
anzusiedeln, als in der dichten, vergrasten Vegetation der Naturschutzgebiete. Während
Inzucht die Ausbreitung der H. radicata experimentell verschlechtert, erwies sich in der
Praxis, dass Ausbreitung über Samen und Pollen konditioniert ist und zur Etablierung
außerhalb der Naturgebiete verwendet wird.
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Der genetische Austausch von S. pratensis wurde in Kapitel 8 mit AFLP-Markern
gemessen. Im Gegensatz zu Mikrosatelliten sind AFLP-Marker dominante Marker. Das
bedeutet, dass nicht zwischen homozygoten und heterozygoten Pﬂanzen unterschieden
werden kann. Damit kann Inzucht molekulargenetisch nicht festgestellt werden. Das
Ausmaß der genetischen Variabilität und des genetischen Austauschs kann aber bestimmt
werden. Die Ergebnisse zeigen, dass S. pratensis-Populationen im Achterhoek-Gebiet sehr
stark isoliert sind. Die Abstände zwischen den Populationen betragen oft mehr als 1 km
und sind zu groß, um durch Samen mit Hilfe des Windes überbrückt zu werden. Soons et
al. (2005) zeigten, dass die Samenausbreitung über andere Mechanismen (wie zum Beispiel
durch Wasser, Tiere oder Mähmaschinen) äußerst unwahrscheinlich ist. Trotzdem weisen
die Resultate dieses Kapitels darauf hin, dass doch ein eingeschränkter Austausch von
genetischem Material stattﬁndet, der zum Teil durch Pollen übertragen werden könnte.
Trotzdem ist der Pollenbeitrag nur ein Teil der Erklärung, weil im Allgemeinen angenommen
wird, dass die niedrige Biodiversität in den fragmentierten Gebieten ihre Auswirkungen
auf die Insekten hat, die den Pollen verbreiten. Insgesamt war die genetische Variabilität
von S. pratensis relativ hoch. Sie war aber geringer als für andere, nicht fragmentierte
Populationen in der Niederlande. Das Ergebnis verdeutlicht, dass die Fragmentierung der
Landschaft an S. pratensis genetisch gesehen wenig Schaden verursacht. Scheinbar bleiben
Populationen bestehen, weil individuelle Pﬂanzen sehr alt werden können. Trotzdem zeigt
die abnehmende genetische Variabilität, dass der Austausch genetischen Materials auf
Dauer unzureichend sein wird und zu einer Verschlechterung der Fitness der fragmentierten
S. pratensis-Populationen in der Achterhoek führen wird.
SCHLUSSFOLGERUNG
Zusammenfassend wird in Kapitel 9 festgestellt, dass unsere ursprüngliche Hypothese
bestätigt werden kann, nämlich dass Populationen von H. radicata wahrscheinlich viel
genetisches Material austauschen, wenig Inzuchtsymptome aufzeigen und ein hohes Maß
an genetischer Variabilität aufweisen. Hingegen haben Populationen von S. pratensis
einen geringen genetischen Austausch. Dennoch zeigen sie ein relativ hohes Maß an
genetischer Variabilität. Scheinbar ergibt sich für die Populationen beider Arten aus der
Fragmentierung der Habitate kein Problem. H. radicata ’überlebt’ die Fragmentierung dank
seines hohen Ausbreitungsvermögens und den Etablierungsmöglichkeiten in den linearen
Landschaftselementen, wie Straßenrändern und Böschungen. Die langlebige S. pratenis
bleibt in den Populationen bestehen und ’wartet’ auf bessere Zeiten. Die beginnende
Verschlechterung des genetischen Zustands der S. pratensis Populationen könnte darauf
weisen, dass die Eigenschaft, um große Abstände zu überbrücken vorteilhafter ist als eine
lange Lebensdauer um die Fragmentierung zu überleben. Beide Arten werden jedoch ein
Überlebensproblem bekommen, wenn lineare Elemente für die Etablierung ungeeignet
werden oder die Fragmentierung zu lange andauert. Darum wurden in diesem Kapitel
neben den Ideen zur Forschungsausweitung, auch praktische Empfehlungen vorgetragen,
wie der Erhalt beider Arten auf lange Zeit gesichert werden kann.
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Für S. pratensis wird empfohlen, dass:
• geeignete Gebiete rings um die bestehenden Populationen erweitert werden;
• neue Etablierungsmöglichkeiten geschaﬀen werden, um die Verbindung
zwischen bestehenden Gebieten zu vergrößern;
• individuelle Pﬂanzen aus großen und lebenskräftigen Populationen in bedrohte
Populationen eingeführt werden;
• Biodiversität in der gesamten Landschaft erweitert und geschützt wird, um
mehr bestäubende Insekten anzuziehen und um den genetischen Austausch
über Pollen zu fördern.
Für H. radicata wird empfohlen, dass:
• regelmäßig oﬀene Gebiete geschaﬀen werden, um die Möglichkeit zur
Etablierung zu garantieren;
• die Habitatqualität in den Naturgebieten verbessert wird, um dort die (Neu-)
Etablierung zu gewährleisten
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The research program ‘Survival of plant species
in fragmented landscapes’
Habitat fragmentation has been seen as a major threat to plant population persistence,
as it aﬀects the survival probabilities of plant species at both local and regional scales.
The general research program aims to ﬁnd an answer to the question how plant species
survive landscape fragmentation and what factors may determine their ultimate extinction.
The program included research on four grassland species diﬀering in dispersal ability and
longevity, and was carried out at ﬁeld sites in fragmented nutrient-poor grasslands in the
Netherlands.
To study the manifold and complex aspects of this question, a joint research eﬀort
was accomplished involving Radboud University Nijmegen, Wageningen University,
Utrecht University and the ALTERRA research institute. The collaboration was funded
by the Netherlands Organization for Scientiﬁc Research (NWO-ALW). Within each
research group, a PhD student implemented a speciﬁc part of the research program, dealing
with genetic, demographic or geographic aspects. The results of the three projects will be
integrated, ultimately resulting in a variety of management scenarios for species conservation.
The following projects have been carried out as part of the general research program:
1. GEOGRAPHY
The project entitled ‘Habitat fragmentation and Connectivity: Spatial and temporal
characteristics of the colonization process in plants’ focused on measuring and modelling
seed dispersal of plant species living in fragmented populations, on the potential of species
to colonize new habitats, and on the eﬀects of habitat fragmentation on the connectivity of
plant populations. The results of the project have led to a PhD thesis by Merel Soons (2003)
at Utrecht University. Project supervisors were Prof. M.J.A. Werger and Dr G.W. Heil of
Utrecht University.
2. DEMOGRAPHY
The project entitled ‘Life history strategies and Biomass allocation: The population
dynamics of perennial plants in a regional perspective’ studied the dynamics of natural plant
populations, and the impact of nutrient enrichment on life history components of these
plants, using experiments and population models. This project resulted in a PhD thesis by
Eelke Jongejans (2004, Wageningen University), whose supervisors were Prof. F. Berendse
of Wageningen University and Prof. H. de Kroon of Radboud University Nijmegen.

160

3. GENETICS
The project entitled ‘Inbreeding and Gene ﬂow: The population genetics of plant species in
fragmented landscapes’ investigated the genetic aspects of the program theme, resulting in
the present thesis. The main focus of the project was to study the eﬀects of inbreeding on
the dispersal capacity of plant species, to identify the population genetic structure and to
assess the level of gene ﬂow between populations. Project supervisors were Prof. J.M. van
Groenendael (program leader) and Dr N.J. Ouborg of Radboud University Nijmegen, Dr
M.J.M. Smulders of Plant Research International (Wageningen) and Dr F.X. Picó of the
Center for Ecological Research and Forestry Application in Barcelona.
4. INTEGRATION
The project entitled ‘Integration and Application: Regional survival in changing
landscapes’ by Felix Knauer of Alterra will integrate the results of the other three studies
into a metapopulation model linking the survival probabilities of plant species to landscape
characteristics and providing clear recommendations for the conservation of the species
within fragmented areas. The project is supervised by Dr J. Verboom and Dr C.J. Grashof
of Alterra (Wageningen).
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benaderen, het gevoel dat je er altijd zou zijn, jouw vriendelijke en aandachtige manier om
met mensen om te gaan, je kennis, je liefde voor het vak en je misschien nog grotere liefde
om mensen les te geven en ze zich te laten ontwikkelen, heb ik altijd zeer gewaardeerd. Het
idee voor dit onderzoek kwam van jou. Je bleef me altijd steunen en later heb je mij in open
discussies en met je tekst- en taalverbeteringen door de moeilijke eindfase geloodst, zodat
dit proefschrift tot een goed einde gekomen is. Voor mij was het erg stimulerend om in die
laatste periode mee te kunnen helpen aan je twee cursussen Evolutie en Biodiversiteit. Deze
hielpen mij eraan herinneren, waarom ik het vak ook alweer zo leuk vond. Bedankt voor
alle tijd en ruimte die je me gegeven hebt. Om deze redenen draag ik dit boek aan jou op.
Ik ben blij dat ik jou heb mogen leren kennen.
Joop, bij jou ben ik beland tijdens mijn eerste stage. Inhoudelijk beviel die zo goed dat
ik bevestigd werd in mijn keuze voor Moleculaire Ecologie. Het idee voor dit promotieonderzoek heeft door jou meer vorm gekregen. Je kennis van populatiegenetica en
statistische analyse en jouw goede ideeën kon ik altijd waarderen evenals je eigenschap om
bij ‘rampen’, bijvoorbeeld een afgewezen artikel, altijd weer een oplossing te vinden. Je hebt
vaak mijn artikelen becommentarieerd en schrijfsuggesties gegeven die ‘de puntjes op de i’
hebben gezet. Daarvoor mijn dank.
René, bij jou heb ik de moleculaire merkers ontwikkeld. Bedankt voor het bieden van die
mogelijkheid, de hartelijke en vriendelijke ontvangst en jouw goede begeleiding. Zonder
jouw hulp waren de moleculaire merkers er waarschijnlijk niet gekomen. Ondanks dat
ik later naar Nijmegen terugging en jij in ‘ver-weg-Wageningen’ bleef, was jij er voor
mijn gevoel altijd. Ik ben normaliter geen beller, maar telefoontjes met jou besloegen
al gauw een uur. Dit tekent jouw belangstelling. Je benaderde thema’s vaak vanuit een
ander perspectief, hetgeen mij weer hielp om dingen te relativeren en verder te kijken dan
mijn eigen horizon. Jouw vragen dwongen mij mijn beelddenkende gedachten minder
sprongsgewijs op te schrijven. Bedankt voor je continue belangstelling voor hoe het mij
en mijn proefschrift verging, voor de moed die je me elke keer weer inpraatte en voor het
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gevoel dat ik altijd welkom was, ook wanneer de vraag niet moleculair was. Fijn dat ik jou
ken.
Xavier, has estado con nosotros en el departamento como post-doc y tu tema tenía muchos
puntos en común con la mía. Además de las muchas discusiones fundamentales, de ti
he aprendido los primeros pasos en la redacción cientíﬁca. Tu temperamento tranquilo,
amable, la sensación de que ninguna de mis preguntas te parecía tonta, tu paciencia y
sutileza cada vez que yo terminaba un artículo, aunque éste adoleciera aún de todo tipo
de carencias, tu generosidad y tu habilidad para ir directamente al grano, todo eso lo he
apreciado enormemente. Siempre creíste por descontado que yo lo iba a conseguir. Esto
me dio mucha conﬁanza. Gracias por haber estado ahí para mí en Nijmegen. Espero que
mantengamos el contacto regularmente. Adeu.
Mijn onderzoek was ingebed in het grotere FLOS-programma. Ik vond het heel prettig om
met meer mensen aan hetzelfde onderwerp vanuit verschillende invalshoeken te werken.
Merel en Eelke, door jullie leerde ik dat genetica ook maar één onderdeel van het geheel is.
Ik heb altijd met veel bewondering gekeken naar de hoeveelheid zaden (Merel) en planten
(Eelke) die door jullie ogenschijnlijk ´zomaar’ opgemeten werden. De dagen samen met
jullie waren altijd boeiend en leerzaam en daar komt nog bij dat jullie prettig en gemakkelijk
in omgang zijn (ook al stopte ik mijn plantjes bijna in jouw proefveldje, Eelke). Interessant
waren voor mij ook alle discussies met de gehele groep. Carla, Jana, Felix, Hans en Gerrit
(en ook Jan en Joop) ik vond het met name ontzettend prettig dat we inderdaad met elkaar
samenwerkten. Jammer dat het is afgelopen.
Paul, jij hebt me wegwijs gemaakt in het ontwikkelen van microsatellieten. Heel erg bedankt
voor je hulp, die niet eindigde toen ik weer terug in Nijmegen was. Met technische en
statistische vragen kon ik altijd bij jou terecht. Dat gaf mij ergens het geruststellende gevoel
dat er altijd iemand zou zijn die het wel zou weten. Ik heb veel geleerd van al onze discussies
en genoten van elke bijeenkomst. Fijn dat jouw proefschrift ook af is.
In Wageningen zaten niet alleen René en Paul. Ik wil dan ook graag de groep Biodiversiteit
en Veredeling van het Plant Research International bedanken. Jullie allen dank dat jullie me
zo in de groep hebben opgenomen en altijd voor mijn vragen een luisterend oor hadden.
Mijn dank gaat ook uit naar de mensen van de Afdeling Ecologie op de Universiteit.
Annemiek, Hans en Ramses, jullie heel erg bedankt voor je hulp bij het moleculaire werk,
het bestuiven en opmeten van de duizenden planten. Zonder jullie zou ik er waarschijnlijk
nu nog met het praktische werk bezig geweest zijn. Iedereen van jullie is nu al weer met
heel andere dingen bezig. Maar ik denk graag aan de goede samenwerking en de leuke
sfeer terug. En ik mis zeker de spelletjesavonden. Arjan en Bart, het was prettig om een
paar mede-Aio’s te hebben die ook moleculair-ecologisch en met dispersie bezig waren (ook
al waren het bij jullie dan kevers en waterplanten). De discussies met jullie heb ik altijd
stimulerend gevonden. Nu júllie boekjes nog. Philippine, wij ‘deelden’ de Blauwe knoop

Dankwoord

163

planten in het veld en in de kas. Ik vond je rustige manier van doen, en dat nooit iets een
punt was, een verrijking. Germa en Martin bedankt voor jullie technische hulp. Het was
een ﬁjn gevoel dat jullie altijd wel een oplossing vonden. Josef, bedankt voor alle statistische
oplossingen. Heb ik toch nog iets van SAS kunnen opsteken. Jan (Roelofs) bedankt dat je
zomaar met mij het veld inging om de juiste zure grond voor mijn onderzoek uit te kiezen,
zonder dat ik ‘jouw AIO’ was. Ook alle andere mensen van de afdeling bedankt voor jullie
belangstelling en de gezelligheid.
Een groot deel van mijn onderzoek werd uitgevoerd in de kassen. Gerard, als hoofd van
de kassen dank ik jou enorm voor je inzet, het meedenken en het altijd weer vinden van
praktische oplossingen. Het was een grote logistieke onderneming om mijn duizenden
planten twee jaar lang een plekje in de kas te geven en die ook nog eens per se, handmatig,
met regenwater te besproeien. Je vriendelijkheid en het gevoel dat ik je alles kon vragen,
maakte het vele werk een stuk gemakkelijker. Veel steun had ik ook aan Yvette, Harry en
Walter. Jullie grappen maakten het hard werken een stuk plezieriger. Bedankt voor jullie
hulp en de zekerheid dat het mijn planten altijd goed zou gaan!
Sommaren 2003 besökte jag under några veckor den växtekologiska avdelningen vid
Botaniska institutionen, Stockholms universitet, under ledning av Ove Eriksson. Jag vill
tacka alla för det vänliga bemötandet, för alla fruktbara och intressanta diskussioner, för
hjälpen med de statistiska problemen. Jag hade en underbar tid hos er. För mig var det mycket
roligt att lägga märke till, att det fortfarande ﬁnns friska Succisa pratensis populationer i
andra delar av Europa.
In 2005 wurde ich zu einem Arbeitsbesuch an das Botanische Institut in Wien eingeladen.
Karin, vielen Dank für diese Möglichkeit. Ich freue mich zu sehen, dass ihr so in die
molekularen Merker von Hypochaeris radicata interessiert seit und die Arbeit auf diese
Weise eine Fortsetzung bekommt. Ich habe eine schöne Zeit gehabt in Wien und danke
euch allen für euer Interesse in meine Arbeit und die vielen Diskussionen hinterher. Und
Wien ist sowieso eine besondere Stadt.
Schrijven is het ene, er nog iets leuks van maken het andere. Jolanda, de kaft is erg mooi
geworden! Gerard, bedankt voor je geduld en perfectie met het opmaken van de tekst!
Heleen, het blijft knap dat je zomaar uit ons gesprek zo’n treﬀend gedicht kunt schrijven!
Kuke, jij bedankt dat je de moeite genomen hebt om mijn laatste discussie van je commentaar
te voorzien.
Hier wil ik graag ook dank zeggen aan een ieder die mij met alle talen heeft geholpen.
Jedem vielen Dank, der an den Übersetzungen mitgeholfen hat: Ute, Frank, Angelika und
Wolfgang mit dem (Biologen-) Deutsch; Jan (K), Joop en Jan met het Engels en talloze
mensen met het Nederlands.
Femke en Fred, met jullie aan mijn zij is een verdediging een stuk prettiger. Ik dank jullie
voor je steun en toeverlaat, voor de diepzinnige vragen en voor de zin om van de laatste
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dag iets leuks te gaan maken. Hopelijk slagen we erin de Biosofen in leven te houden, want
ik blijf het boeiend vinden om vanuit zoveel verschillende invalshoeken naar de biologie te
kijken. Ook Angelique en Max bedankt voor jullie belangstelling voor mijn onderzoek.
Naast het leven als onderzoeker ben ik ook Carolin binnen mijn familie en mijn gezin.
Neben dem Leben als Forscherin, bin ich auch Tochter und habe ich selbst Familie.
Lieber Wolfgang, dir möchte ich einfach dafür danken, dass du immer für uns da warst,
auch wenn wir das erst verstanden haben, als wir 18 waren. Dieses Buch widme ich dir,
als Dank für dein großes Interesse in mein Leben und für alle Hilfe und Bemühungen
und die Sicherheit, dass das nie anders sein wird. Deine Bemerkungen zu jeder meiner
Entwicklungen bleiben treﬀend. Ich hoﬀe dann auch, dass diese Doktorarbeit mehr wird,
als ein außer Kontrolle geratenes Hobby.
Lieve Willy, de keren dat jij geholpen hebt om alles draaiende te houden zijn ontelbaar. Je
bent het prettige bewijs dat het vooroordeel ‘schoonmoeders zijn vreselijk’ niet klopt. Ik
dank je voor je ondersteuning, je tolerantie, de ruimte die je geeft, je energie en je blije zin
elke keer opnieuw.
Lieve Joris en Mathijs, jullie een heel dikke zoen dat jullie zo’n leuke, gezellige en lieve
jongetjes zijn. Bedankt voor alle lieve steun: jullie bezoeken in de kas, de knutsels en
tekeningen, en op het einde bijna elke dag de vraag: ‘Hoe is het met je proefschrift?’. Nu
is het eindelijk echt af. Ik hoop dat het inderdaad ertoe bijdraagt dat ‘mama planten beter
maakt’.
Lieve Willem, kinderen relativeren veel, jij als echtgenoot ook. Aan jou draag ik dit boek
op voor je liefde en al je steun, voor de vele inhoudelijke discussies en je begrip. Omdat
het nooit een thema was als ik weer lang in de kas of in het veld gezeten had, en omdat ik
zonder probleem 5 weken naar Zweden kon gaan. Jij wist altijd zeker dat mijn proefschrift
af zou komen (het is nu verbazend genoeg inderdaad af). Dank dat je mij de ruimte geeft te
zijn wie ik ben. Jou, als man, zal nooit iemand vragen hoe jij het nou eigenlijk combineert:
de drukke baan, een eigen bedrijf, twee kinderen, een oud huis en een vrouw die niet thuis
zit maar zonodig onderzoekster wil zijn. Bedankt dat je dat allemaal zonder commentaar
doet en bedankt voor het ﬁjne leven samen.
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Curriculum vitae
Veertig jaar geleden werd ik geboren in een klein stadje in Thüringen, Oost-Duitsland.
Tijdens wandelingen door de immense bosgebieden van het Thüringerwald werd de eerste
kiem gelegd voor mijn latere liefde voor de natuur. Wij verhuisden al snel naar Dresden, een
stad die zeer aan mijn culturele ontwikkeling bijgedragen heeft. Tijdens de biologielessen van
de middelbare school zag ik echt ‘het licht’ en wist ik dat ik Biologe moest gaan worden. Na
uitgeloot te zijn voor een universitaire studie Biologie, en niets wetende van de toekomstige
politieke veranderingen in mijn land, heb ik in 1986 uiteindelijk gekozen om Technische
Bedrijfskunde te gaan studeren in Jena (alweer Thüringen) en in Dresden. Die Wende in
1989 blijf ik me herinneren als een jaar vol van veranderingen en spanningen, het aﬂeggen
van vertrouwde gewoontes en het krijgen van nieuwe kansen. Ik verloor mijn land en won
een wereld. Alleen de snelheid waarin deze veranderingen plaatsvonden bleef schokkend.
Voor mij bracht die Wende de mogelijkheid om te gaan werken bij de Bundesbank (met haar
nieuwe ﬁlialen in Oost-Duitsland) of in het energiebedrijf van Dresden. De Bundesbank
belichaamde voor mij, socialistisch opgegroeid, te zeer het kapitalistische systeem. Daarom
koos ik in 1991 voor het energiebedrijf. Hier werkte ik twee jaar en kon uiteindelijk een
groep aansturen die voor de ﬁnanciële afwikkeling van de gasverzorging verantwoordelijk
was. Leuk, totdat het routine werd. In die tijd leerde ik Willem, mijn latere echtgenoot,
beter kennen. Ik ging met hem mee naar Nederland, en dat gaf mij tevens de mogelijkheid
om alsnog Biologie te gaan studeren. Na een spoedcursus Nederlands startte ik eindelijk
een studie Biologie aan de Universiteit van Amsterdam. Ik genoot er elke minuut van. Met
name de combinatie van moleculaire biologie en plantenecologie sprak me zeer aan. Tijdens
de studieperiode kregen we onze beide kinderen, Joris en Mathijs. In 1999 studeerde ik af in
Nijmegen en kon daar direct beginnen als onderzoekster precies op een onderwerp dat de
ecologische en de moleculaire richting met elkaar verbond. De resultaten van dit onderzoek
leidden uiteindelijk tot dit boekje. Tijdens het onderzoek kon ik met ondersteuning van
het Schure-Beijerink-Popping-fonds en de KNVB gedurende 5 weken de groep van Prof.
Ove Eriksson (Stockholm Universiteit) bezoeken. Bovendien ging ik op werkbezoek bij de
groep van Prof. Todd Stuessy in Wenen (Botanisch Instituut), die zeer geïnteresseerd was
in de moleculaire merkers voor H. radicata. Daarnaast heb ik meerdere studenten tijdens
hun stage begeleid en hielp ik bij de cursus ‘Evolutie: van mens tot kosmos’, het college
‘Moleculaire Ecologie’ en het caputcollege ‘Biodiversiteit’. Mijn belangstelling voor biologie
is nog steeds onverminderd groot, ook al blijk ik niet bestand tegen de steeds verdergaande
afkalving van het biologieonderzoek in Nederland. Of mijn biologisch werk een vervolg
krijgt of dat het bij ‘een uit de hand gelopen hobby’ blijft, zoals mijn vader dat zo mooi
verwoordde, moet de toekomst uitwijzen.
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