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Inter- and intraspecific diversity
Our earth harbours a stunning diversity of living organisms. While about 1.9 million species
have been described, the estimated total number of species on earth exceeds 11 million
(Chapman 2009). Moreover, modern molecular techniques make us aware of the fact that a
large amount of genetic variation is often present within species. Human-induced changes
are, however, threatening this reservoir of natural diversity. As a result of climatic change,
habitat destruction, pollution and ecosystem invasion by alien species, both inter- and intraspecific diversity are reduced and the remaining diversity gets more evenly distributed
(UN Millennium Ecosystem Assessment 2005). Although scientists still argue about exact
extinction rates (Seabloom et al. 2002; He & Hubbell 2011), we are without any doubt in
the middle of a large biodiversity crisis (e.g. Ter Steege 2010).
A societal and political question may be: So what? With so many species present, who
cares if some go extinct? Why should we perform costly conservation projects to save all
these species? An important part of the answer lies in the functions that Earth’s ecosystems
serve to the well-being of human kind. Such ’ecosystem services’ include the provision
of clean water and air, food, fuel, medicines and other materials, and protection against
natural disasters (UN Millennium Ecosystem Assessment 2005). A loss of biodiversity
inherently damages these services. Ecosystems are complex networks of many interacting
organisms. It is feared that the loss of a single key-stone species might cause the entire
system to collapse. Such species are, however, not easily identified and rarely are the sole
determinants of ecosystem functioning (Mills et al. 1993). Therefore, ecologists argue that
(multiple) representatives from all functional groups should be available (Walker 1995).
There is evidence that even the sheer number of species present may affect the stability of
the system (e.g. Van Ruijven & Berendse 2007).
If species conservation matters, so does conservation of their genetic diversity. Most
species are not driven to extinction before their genetic diversity has dropped significantly
(Spielman et al. 2004). Genetic erosion results in elevated population extinction risks, either because of reduced (reproductive) fitness due to inbreeding depression (see below) or
because reduced trait variation makes populations lose their ability to adapt to changes in
their local environments (e.g. Lande & Shannon 1996). When this results in smaller populations that can harbour even less genetic variation, this may lead into a vortex to extinction
(Blomqvist et al. 2010). Moreover, genetic erosion reduces diversity on an evolutionary
time scale, as allelic diversity provides the raw material for natural selection (Fisher 1930).
At the ecosystem level, genetic impoverishment within species has been shown to reduce
the overall species diversity (Booth & Grime 2003) and productivity (Reusch & Hughes
2006) of the system, as well as its resistance to disturbance (Hughes & Stachowitz 2004)
and invasion (Vellend et al. 2010).
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The origin of plant diversity in newly created habitats
Efforts to conserve plant biodiversity focus both on maintaining diversity in protected areas
and developing diversity in restored or newly created areas. At timescales that are too short
for speciation, the dynamics of plant diversity in such areas ultimately depend on a balance
between the rates of immigration and extinction (e.g. Zobel 1997; Ter Steege & Zagt 2002).
Theories on the origin and maintenance of diversity (Hubbell 2001; Tilman 2004) differ
in many ways, but all agree on the crucial role of immigration for local species diversity.
Likewise, immigration is a major determinant of genetic variation (Ouborg et al. 1999).
Immigration rates depend on the ability of individuals to reach a system and their ability
to subsequently establish in the new environment. While local dispersal has been studied
extensively, long-distance immigration has proved very difficult to quantify, because tracking propagules over large distances is extremely difficult (Cain et al. 2000). Most of our
knowledge on long-distance dispersal (LDD) is therefore deduced from modelling studies
(e.g. Soons et al. 2004; Sundberg 2005). More studies on LDD are needed, as current
global changes likely increase its importance for local population dynamics as well as biogeographical patterns (Cain et al. 2000). As habitat fragmentation results in increased
distance between patches, colonization of new patches and exchange between existing populations require dispersal over longer distances. Meta-population dynamics thus increasingly depend on LDD (Bohrer et al. 2005), which affects both population extinction rates
and possibilities for gene flow between populations. At the same time, distributional range
limits are shifting because of climatic changes, forcing species to regularly colonize new
environments (Cain et al. 2000). Quantitative information about patterns of immigration by
LDD, as well as about the main determinants of such patterns, is essential for contemporary
diversity conservation.
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Figure 1.1: Map of the central part of the Netherlands. A = Dutch mainland; B = North Sea; C
= Wadden Sea; D = IJsselmeer (former Zuiderzee). E-H = The four main IJsselmeer polders: the
Wieringermeerpolder (E; reclaimed in 1927; 309 km2 ), the Noordoostpolder (F; reclaimed in 1942;
596 km2 ), Oostelijk Flevoland (G; reclaimed in 1957; 540 km2 ) and Zuidelijk Flevoland (H; reclaimed
in 1968; 430 km2 ).
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The research project “WODAN ” (Windows of Opportunity and Dispersal Affect Number of species), initiated in 2007 within the Ecology & Biodiversity Group at Utrecht University, aims to gain knowledge of the processes determining dispersal and establishment of
plants that colonize new areas, in order to obtain a better understanding of the development
of species and genetic diversity and their spatial structure in isolated habitats (De Groot et
al. 2008). Occasionally, large-scale events provide excellent opportunities to directly test
the results of long-distance colonization, as such events provide sufficiently replicated immigration events across and within species. An excellent example is provided by the large
polder areas that were created in the 1940s and 1950s in the IJsselmeer, the large former
inner sea in the middle of the Netherlands (Figure 1.1). As the new polder land was in fact
a sea-bottom, most likely containing very limited numbers of viable diaspores, the Dutch
IJsselmeer polders may, in a way, be seen as ’tabula rasa’-like systems (e.g. Nordal 1987):
large empty areas that function as huge diaspore traps allowing for the development of new
diverse plant communities from scratch by means of immigration. After large wetlands had
covered the new land for a short period of time (Feekes & Bakker 1954), woodlands of up
to 1000 ha were planted in the polders. In these young forests a surprisingly large diversity
of especially bryophytes (mosses) and pteridophytes (ferns) emerged (e.g. Bremer & Ott
1990, Bremer 2007), including various rare species that must have arrived by LDD. Many
of these rare species are ferns.
The research presented in this thesis was conducted within the ”WODAN” framework
and focused entirely on the development of inter- and intraspecific diversity in ferns, using
the Dutch polders as its study system.

The (rock) ferns of the Dutch polders
The polder forests are still very young. The oldest forest included in this study is about 70
years old, the youngest forest was planted about 40 years ago. Some of them do, however,
already harbour the large majority of fern taxa known from the Netherlands (Bremer 2007).
The largest diversity is found in the Kuinderbos (±60 years old and located in the Noordoostpolder), for which 30 taxa have been recorded (P. Bremer, pers.comm.). Most of these
species were already spotted in 1977-1979 (23 taxa, Bremer 1980), but incidentally new
taxa still turn up (Bremer & De Groot 2010). The establishment and spread of these species
has been inventoried extensively over the last decades, mainly by dr. Piet Bremer (e.g. Bremer 1980, 1988c, 2007). This yielded a large database on the local history and patterns of
fern colonization, which provides a valuable basis for further studies on the determinants of
such patterns. Two of the interesting patterns reported by Bremer (2007) were that ±75%
of the recorded species are significantly related to the slopes of the drainage trenches that
intersect the forest, and that many of these species are calcicoles.
These calcicole species naturally occur on lime-rich substrates (rock faces and outcrops,
or lime-rich streambanks) in the mountainous areas of Europe, and are therefore rare on the
flat plains of the Netherlands. Besides a few populations in Southern-Limburg, they mainly
occur in urban habitats throughout the country, growing on the mortar of old walls (Figure
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1.2 a-c). The slopes of the drainage trenches of the Kuinderbos, however, seem to provide a
suitable alternative, most likely because they are steep, relatively moist and very calcareous,
as they intersect into a layer of fine sand full of sea shells, on top of old peat remains (Bremer
2007; Figure 1.2 d-e). Most species have established multiple clusters of individuals, which
are located throughout the forest. Abundances do, however, differ strongly between species:
a few species have much more and larger clusters. This may be related to various aspects of
the unique life-history of ferns.

Figure 1.2: Examples of habitats of European calcicole ferns. a = Polystichum aculeatum on a vertical marlstone wall in a quarry in Southern-Limburg (The Netherlands). b = Asplenium trichomanes
subsp. quadrivalens on a brick wall in London (UK). c = Asplenium scolopendrium on rocks in Kew
Botanical Gardens (UK). d = A. scolopendrium and A. trichomanes subsp. quadrivalens on a trench
wall in the Kuinderbos (the Netherlands). e = A. scolopendrium and P. aculeatum on a trench wall in
the Kuinderbos (the Netherlands).
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The life cycle and reproductive genetics of homosporous ferns
All vascular plants have life cycles that alternate between two genetically different phases:
the sporophyte, the diploid (or polyploid) generation responsible for the production of
spores, and the gametophyte, the haploid generation that produces gametes (e.g. Haig &
Wilczek 2006). The life cycle of ferns, however, is special because both generations are
fully independent, free-living entities. Moreover, almost all ferns are homosporous. That is,
unlike heterosporous organisms (e.g. seed plants), their sporophytes produce only one type
of equally sized spores. Throughout this thesis, I will exclude the few heterosporous ferns
present in Europe (the aquatic genera Azolla, Marsilea and Salvinia). A full overview of the
life cycle of homosporous ferns is presented in Figure 1.3.

Figure 1.3: The life cycle of a homosporous fern (example for a diploid species). Haploid (1n)
spores give rise to a haploid, hart-shaped and potentially bisexual gametophyte. Successful self- or
cross-fertilization results in a juvenile, diploid (2n) sporophyte. Gametophytes die short after sporophyte production. Sporophytes live for many years and slowly reach maturity, at which stage their
fronds start to produce haploid spores in sporangia attached to the lower side of the frond. Copyright:
ePlantScience.com.

As gametophytes and sporophytes grow independently, the ecological distributions of
ferns depend on the ecology of both stages (Greer & McCarthy 1999). Sporophytes are
complex, long-lived structures and their distributions and (a)biotic requirements have been
extensively studied (e.g. Richard et al. 2000, Odland et al. 2008). Gametophytes are typically small (rarely exceeding a size of 1 cm2 ) and short-lived, and as such difficult to detect
on the forest floor. Moreover, their morphological simplicity makes species identification
often impossible (e.g. Schneller 1975). As a result, gametophyte ontogeny and morphology
have been studied in the lab, but the ecology of naturally occurring gametophytes remains
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highly understudied (Ranker & Houston 2002). Still, their habitat requirements may be very
different from those of the sporophytes (Watkins et al. 2007). These requirements strongly
determine fern species distributions, as upon spore arrival the gametophytes are the first to
screen the newly colonized environment for its suitability (Greer & McCarthy 1999).
The gametophyte is of particular importance for fern colonization, population dynamics
and genetics, as it forms the platform for sexual reproduction (Farrar et al. 2008). Gametophytes of homosporous ferns either develop male sexual organs (antheridia), female
sexual organs (archegonia), or both. Sexual status is highly dependent on abiotic conditions
and may even differ between genetically identical individuals (Raghavan 1989). It has, however, at least to some extent a genetic basis, as sex ratios typically vary across species and/or
genotypes (e.g. Pangua et al. 2003). Bisexual individuals are common in most species and,
in the absence of genetic constraints (see below), may self-fertilize as shown in Figure 1.3.
Cross-fertilization does occur, however, both on unisexual and bisexual individuals. Gamete
dispersal distances are limited to centimetres as gametes must be dispersed via a continuous layer of water. Opportunities for cross-fertilization may therefore be restricted due to a
lack of moisture or nearby mates, but are promoted by a whole range of mechanisms. Most
strikingly, female and bisexual individuals may produce specialized hormones (antheridiogens) that force nearby spores to germinate and force gametophytes to stop growing and
start producing antheridia (e.g. Raghavan 1989).
Because the haploid gametophytes have the potential to become bisexual (allowing both
self- and cross-fertilization on a single individual), fertilization may result in a whole range
of genetically different products. To disentangle the complex genetic consequences of the
breeding strategies of ferns, Klekowski (1979) developed a specific terminology, which
identifies three types of fertilization (Figure 1.4). Intergametophytic crossing refers to
true outcrossing, in which sperm and egg come from different gametophytes that originate from different parent plants (analogous to cross-fertilization in seed plants). Intergametophytic selfing, in which the two contributing gametophytes are sibs, is analogous to
self-fertilization in seed plants. Its genetic consequences depend on the heterozygosity of
the parent sporophyte. Self-fertilization on a single haploid gametophyte is referred to as
intragametophytic selfing, and represents an extreme form of inbreeding only possible in
pteridophytes and monoecious bryophytes. In diploid species, it results in completely homozygous sporophytes. In allopolyploids, homoeologous chromosomes (those originating
from different parent species) may carry variation, even though sporophytes will be homozygous at homologous chromosomes (those originating from the same parent species;
Haufler 2002). The formation of homozygous individuals implies the expression of any
deleterious recessive alleles present (i.e. the genetic load). This may lead to inbreeding depression: the reduced performance or death of the inbred progeny produced. The extent of
this inbreeding depression has been found to differ between species, resulting in differences
in mating strategy. Some species may be obligate outcrossers, others may highly depend
on selfing (Soltis & Soltis 1990, 1992). Polyploid species may show an enhanced potential
for self-fertilization, as homoeologous heterozygosity may reduce the expression of genetic
load (Masuyama & Watano 1990).
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Figure 1.4: Mating system options for homosporous ferns. I = intragametophytic selfing, merge
of gametes from a single gametophyte. II = intergametophytic selfing, merge of gametes from two
gametophytes originating from the same parent sporophyte. III = intergametophytic crossing, merge
of gametes from two gametophytes originating from different parent sporophytes.

The successful colonizer
The immigration of isolated habitats by individual plants depends on two main conditions:
successful arrival to the potential habitat and the successful local establishment afterwards.
The success of both processes depends on a combination of characteristics of the potential
habitat and of the potential colonizer. The incidence of spore arrival first of all depends on
the position of the potential habitat in relation to the species’ distribution: how far away
are the nearest spore sources, how many sources are there, how large are they and how
are they distributed in relation to dominant wind directions. Secondly, the arrival of viable
spores depends on the dispersal capacity of the potential colonizers and their capacity to
survive transport in higher atmospheric layers (Gradstein & Van Zanten 1999). Because
of their small and light spores and observations of dispersal over thousands of kilometres
(Tryon 1970), it has often been assumed that all ferns are very good dispersers (Tryon
1986). However, it must be noted that despite of this potential for long-distance dispersal,
a large part of the spores still ends up very close to the parent plant (fern dispersal kernels
show a strongly leptokurtic distribution (Penrod & McCormick 1996)). Especially in forest
understories, where wind speeds are low, dispersal may be very limited (Peck et al. 1990).
Moreover, spores differ in size and both inter- and intraspecific variation in spore dispersal
capacity exists. As in seed plants (Darling et al. 2007), a strong selective pressure on
dispersability may favour well-dispersed species during long-distance colonization. As the
best dispersers are most likely to expand a species’ distribution range, populations at range
edges may contain genotypes with relatively high dispersal capacities.
Once a diaspore has arrived, either as a primary colonizer or as an additional immigrant,
its successful establishment again depends both on its own life-history and the local conditions it encounters. Successful establishment is often limited to very specific conditions
(e.g. Eriksson 1989). Various barriers may hamper successful germination and growth,
such as soil texture, inappropriate light, moisture or nutrient availabilities, the presence of
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pathogens and herbivores, and competition from the standing vegetation (Cousens et al.
1988; Sundberg & Rydin 2002; Munier et al. 2010). Very often, some kind of disturbance
may be necessary to temporarily remove such barriers and to provide a ”window of opportunity” for establishment (Økland et al. 2003). Especially ferns may be strongly dependent on
such disturbances that create temporary ”safe sites” (Cousens et al. 1988). This assumption
is, however, largely based on anecdotal evidence. What the exact barriers are, and whether
these barriers are the same for all species and genotypes, remains largely unknown (Werth
& Cousens 1990; but see Flinn 2007). One aspect of fern life-histories that surely is of
great importance is their breeding system. As spore germination first yields a gametophyte,
reproductive assurance is essential, as it ensures establishment of a long-lived sporophyte.
Mate limitation is common, however, especially following LDD. Single-spore establishment via self-fertilization therefore is a valuable capacity (Peck et al. 1990), but may differ
between individuals as the success of intragametophytic selfing depends on individual levels of genetic load. While species differences in intragametophytic selfing have been shown
(e.g. Peck et al. 1990; Pangua et al. 2003), less is known about levels of intraspecific
variation and possible selection for selfing genotypes during the process of long-distance
colonization.
The above shows that fern colonization may be hampered in many ways and that past
assumptions that all ferns are excellent colonizers not limited by either dispersal or establishment (e.g. Tryon 1986) may be exaggerated (Svenning et al. 2008), and must at least be
tested more deliberately (Wild & Gagnon 2000).

Determinants of inter- and interspecific diversity
An actively debated question, for ferns as well as for other plant groups, is to what extent
spore availability (dispersal limitation) and habitat availability (establishment limitation)
determine spatial distribution patterns and local levels of diversity (Wild & Gagnon 2000,
Karst et al. 2005, Flinn 2007). Linked to this debate is the question whether these limitations
mainly result from random or non-random (trait-based) processes. Population genetic models often assume marker neutrality and strongly emphasize the role of stochastic processes in
determining levels of genotypic diversity. Random walk of allele frequencies (genetic drift)
may strongly influence allelic immigration and extinction (founder effects and allelic fixation). Random mutation, mating and dispersal form a null-model for explaining genotypic
diversity in and among populations (e.g. Whitlock & McCauley 1999). Current theories
on the origin and maintenance of species diversity fundamentally disagree, however, on the
role of random processes (Hubbell 2001; Tilman 2004). Hubbell’s Unified neutral theory of
biodiversity, which is in fact based on population genetic models and assumes species to be
ecologically equivalent, seems to explain species abundance distributions surprisingly well,
especially on large scales. This suggests that, at such scales, stochastic and sampling effects
may be very important. During colonization, the density and diversity of the arriving spore
rain will therefore strongly affect inter- and intraspecific diversity.
However, although neutral theory assumes ecological equivalence (i.e. equal per capita
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chances to be present in a suitable habitat, irrespective of the species), even this theory does
not exclude that plant and habitat characteristics affect the success of individual colonizers,
and thereby exact species compositions. If selective pressures inhibit the immigration of
particular genotypes or species, this might also influence the number of variants present.
Although communities may show a certain overall level of ”invasibility” (e.g. Vellend et al.
2010), colonization barriers will, given trait variation among colonizers, function as a ”hierarchy of filters” that determines which species and genotypes are able to establish (Keddy
1992). How often and for how long disturbances create safe sites for fern germination and
establishment has rarely been investigated. But they will strongly affect patterns in diversity and abundance. If suitable spots are available for very short periods, mating strategies
may affect diversity, as mate limitation may favour the rapid establishment of selfers (Flinn
2007). Likewise, the availability of a local persistent spore bank may allow rapid establishment and may allow redevelopment of a diverse vegetation after disturbances (Jonsson
1993). The existence and diversity of such spore banks depends on spore longevities, which
are again variable within and between species.
At the population level, the dependence of immigration on LDD is generally expected
to reduce genetic diversity, as populations are likely to be founded by limited numbers of
colonizers (or, in ferns, even a single colonizer) and additional immigrants may be rare
(Arnoud-Haond et al. 2006). Diversity among populations may be large when populations
result from separate immigration events, although gene flow may reduce these differences
over time (Pannell & Dorken 2006). It is, however, questionable whether isolated populations indeed generally show these expected patterns (Eckert et al. 2008). This will depend
on a combination of the density and diversity of the spore rain and local meta-population dynamics. After initial colonization, meta-population dynamics will be affected by life-history
traits that differ between species and genotypes. Genotypic diversity may affect population
performance (reproduction, growth rates) by determining dominant traits, as well as by affecting levels of inbreeding depression (Picó 2004).
It should be noted that trait plasticity of genotypes is also large and common. While
such phenotypic diversity is variable between species and genotypes and likely subject to
selective pressures, making it highly relevant for population performance in changing environments, it will not be a main topic of this thesis.

Aims and outline of this thesis
As pointed out, previous studies have identified many factors that somehow influence fern
long-distance colonization, and many more can be thought of. Quantification of their relative influence has, however, rarely been attempted. The importance of LDD for colonization
and meta-population dynamics is well established (Bohrer et al. 2005; Shepherd et al. 2009)
and is likely to increase as a result of habitat fragmentation and climatic changes (Cain et
al. 2000). However, the frequency of LDD-mediated immigration, and the variation in this
frequency with respect to biology (life history traits) and geography (distance from source)
remains understudied (e.g. Nathan 2006, Shepherd et al. 2009). Studies on plant groups
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with small diaspores, such as bryophytes and ferns, will be essential for this purpose, as
they are likely to demarcate the upper limits of LDD among plants (Shepherd et al. 2009)
and their regular LDD is most easily quantified.
Theoretical models predict large effects of increasing isolation and decreasing population sizes on inter- and intraspecific variation (Ibrahim et al. 1996; Lande & Shannon
1996). Especially for ferns, dependence on single-spore establishment might limit the colonization success of some species or genotypes, and thus may reduce levels of (genetic)
variation (e.g. Peck et al. 1990; Schneller & Holderegger 1996). Unfortunately, experimental evidence is very limited. The ecology, demography and population genetics of ferns
remain heavily underexamined (e.g. Werth & Cousens 1990). This is surprising, given the
fact that their complex and well-studied evolutionary history (high levels of hybridization
and polyploidization) and mating patterns (short gamete dispersal distances, but a variety
of breeding strategies) suggest the existence of a large variation in life-history traits both
within and among species. Understanding the ecological effects of this variation will be of
great value for the conservation of fern inter- and intraspecific diversities.
This study aims to determine the impact of variation in life-history traits that are of
known importance for long-distance colonization, in particular dispersal capacity and breeding strategy, on patterns of diversity in isolated habitats, both within and between fern
species. In this way, I hope to contribute to an empirical verification and extension of
existing models of long-distance colonization by ferns. I will pay special attention to the
general successfulness of fern colonization, and on whether or not this is still rare enough
to result in distinct patterns of diversity. Specifically, the objectives of this thesis are:
1. To improve our knowledge about the quantitative aspects of LDD: the incidence of
spore arrival in isolated habitats and the inter- and intraspecific diversity among the
immigrants.
2. To investigate whether the distribution and diversity of fern species in isolated
habitats is limited by a lack of arriving spores or by their specific requirements for
successful establishment.
3. To assess the roles of dispersal and mating systems in shaping patterns in inter- and
interspecific diversity in isolated habitats.
4. To investigate how species differences in life-history affect the structure and
performance of recently established populations under varying conditions.
As my studies explicitly deal with diversity at two different levels (among and within
species) this thesis is divided in three parts dealing with either one or both of these levels.
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Part one of this thesis deals with the factors determining species diversity. I tested
the relative importance of dispersal capabilities and habitat preferences in limiting species
composition and diversity in newly developing habitats. Instead of correlating distribution
patterns with patterns in habitat variation, I analyzed the presence and abundance of fern
species in the spore banks of the young soils of the Dutch polders, in relation to their local
performance in the aboveground vegetation. Determining fern species diversity can be problematic, especially based on gametophyte samples, as these are often impossible to identify
based on morphological characters. Therefore, I developed a novel method for molecular
identification of fern specimens. The performance of this fern DNA-barcoding strategy is
tested in Chapter 2.
In Chapter 3, DNA-barcoding was applied to investigate the species composition of
soil spore banks from two different habitats types in four different polder forests of different ages. Belowground species composition was then compared to data from long-term
inventories of the aboveground vegetation. I address questions as: How large and diverse
is the spore bank that developed in these young soils? Does the soil bank contain species
for which establishment in the vegetation is apparently hampered by unsuitable conditions?
And how does this differ between habitats?
In Part two of this thesis, I zoom in on the level of genotypic variation within species.
The establishment of intraspecific variation in young, isolated populations was studied for a
carefully chosen set of four different fern taxa, belonging to two different genera and differing in ploidy level. I used two asplenioids, Asplenium scolopendrium L. (Hart’s Tongue
Fern; diploid in Europe) and Asplenium trichomanes subsp. quadrivalens D.E. Meyer
(Maidenhair Spleenwort; an allotetraploid member of the A. trichomanes complex), and
two polystichoids, Polystichum setiferum (Forssk.) Moore ex Woynar (Soft Shield Fern;
diploid) and Polystichum aculeatum (L.) Roth (Hard Shield Fern; allotetraploid). All four
taxa are calcicole rock ferns, with wide but due to their patchy habitats scattered European
distribution ranges. Although each of them established multiple populations in the Dutch
IJsselmeer polders, their abundances in the polders are strongly different.
In order to be able to determine genetic variation between strongly related individuals
within populations, I developed sets of polymorphic microsatellites (high-resolution molecular markers), for each separate species. A characterization of these novel markers is presented in Chapter 4.
Breeding experiments with various genotypes per species were then applied to test
sporophyte production at various levels of inbreeding. In Chapter 5, I discuss the role of
genotypic differences in mating strategy within species. To what extent does intraspecific
variation in mating strategies differ between species? And what happens to this variation in
isolated habitats: does long-distance colonization result in selection for selfing genotypes?
This chapter reviews the effects of such selection pressures on the development of genetic
variation and inbreeding rates in isolated fern populations.
Chapter 6 deals with the development of genetic variation in young isolated fern populations established by LDD. Populations in the Kuinderbos are used as a case study. All
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four study species established multiple populations in this polder forest. But was LDD sufficient to allow multiple independent colonization events or did most populations result from
local dispersal by a few successful LDD-based colonizers? And how did the diversity of
the spore rain and local (meta-)population dynamics (local dispersal and mating strategies)
shape patterns in genetic diversity within and between populations?
Part three of this thesis focuses on the roles of both inter- and intraspecific variation in
determining the demographic success of young fern populations. After initial colonization,
differences between species in both life history traits (e.g. mating system, phenology) and
acquired levels of genetic variation may strongly affect the survival and expansion of their
populations. In Chapter 7, I compare the population dynamics of two of the study species:
the allotetraploid Polystichum aculeatum and one of its diploid progenitors, Polystichum
setiferum. Using matrix projection models, I assess the consequences of trait differences
between species for their population dynamics, under both normal and harsh winter conditions. Do reproduction and juvenile establishment still regularly occur within populations
despite of forest succession? How large are the effects of polyploidization on population
demography? And what is the demographic background of observed differences in climatic
sensitivity between populations of both species?
In the final synthesis (Chapter 8) I summarize the most important findings of this thesis
and integrate them into a general mechanistic overview of the key factors that determine colonization and establishment success and shape patterns in inter- and intraspecific diversity
of ferns.

Part one:

Development of species diversity

Chapter 2
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Abstract
Although consensus has now been reached on a general two-locus DNA barcode for land
plants, the selected combination of markers (rbcL + matK) is not applicable for ferns at
the moment. Yet especially for ferns, DNA barcoding is potentially of great value since
fern gametophytes – while playing an essential role in fern colonization and reproduction –
generally lack the morphological complexity for morphology-based identification and have
therefore been underappreciated in ecological studies.
We evaluated the potential of a combination of rbcL with a noncoding plastid marker,
trnL-F, to obtain DNA-identifications for fern species. A regional approach was adopted, by
creating a reference database of trusted rbcL and trnL-F sequences for the wild-occurring
homosporous ferns of NW-Europe. A combination of parsimony analyses and distancebased analyses was performed to evaluate the discriminatory power of the two-region barcode. DNA was successfully extracted from 86 tiny fern gametophytes and was used as
a test case for the performance of DNA-based identification. Primer universality proved
high for both markers. Based on the combined rbcL + trnL-F dataset, all genera as well
as all species with non-equal chloroplast genomes formed their own well-supported monophyletic clade, indicating a high discriminatory power. Interspecific distances were larger
than intraspecific distances for all tested taxa. Identification tests on gametophytes showed
a comparable result. All test samples could be identified to genus level, species identification was well possible unless they belonged to a pair of Dryopteris species with completely
identical chloroplast genomes.
Our results suggest a high potential of the combined use of rbcL and trnL-F as a twolocus cpDNA barcode for identification of fern species. A regional approach may be preferred for ecological tests. We here offer such a ready-to-use barcoding approach for ferns,
which opens the way for answering a whole range of questions previously unaddressed in
fern gametophyte ecology.
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Introduction
The development of universal DNA barcoding markers for land plants is challenging and
the exact choice of loci has been heavily debated (Chase et al. 2005; Kress et al. 2005;
Fazekas et al. 2008). Recently, the Plant Working Group of the Consortium for Barcoding
of Life decided on a standard two-locus barcode for all land plants, consisting of portions of
the rbcL and matK plastid genes (CBOL Plant Working Group 2009). It was immediately
emphasized that this core barcode might have to be augmented with supplementary loci in
some groups due to lack of discriminatory power and/or primer universality. Ferns form one
such group. While rbcL routinely has been used for studies on fern phylogeny (e.g. Pryer
et al. 2004; Schneider et al. 2004), species discrimination is sometimes insufficient (Jansen
& Schneider 2005; Schneider et al. 2005). The generation of matK sequences for ferns
is currently problematic, because this part of the chloroplast genome underwent a strong
restructuring during the evolution of the fern clade (Duffy et al. 2009). None of the currently
existing primer sets are likely suitable for all lineages of land plants (Hollingsworth et al.
2009; Li et al. 2009) and efforts are now focusing on the development of complex primer
assays to achieve reliable amplification and sequencing of matK among land plants.
Nonetheless, while the feasibility and necessity of DNA barcoding for general taxonomic purposes has sometimes been criticized (Will et al. 2005; Spooner 2009), fern ecology is a typical example of a field for which its main goal, sample identification (Hebert &
Gregory 2005), would be of high practical and scientific value. Homosporous ferns have
two free-living generations. The small and short-lived gametophytic generation plays an
important role in the reproduction and dispersal ecology of ferns (Farrar et al. 2008). Many
aspects of its ecology (e.g. tolerance to light and drought stress) differ radically from those
of the sporophyte (Watkins et al. 2007). Studies on wild gametophyte populations and
spore banks are therefore as essential for a proper ecological understanding of fern species
as those on their sporophytes. Gametophytes however typically show very limited morphological complexity, making identification based on morphological features to species or even
genus level often impossible (Schneller 1975; Cousens 1981; Dyer 1994). Pteridologists are
therefore in strong need of a proper alternative method for gametophyte identification.
Schneider & Schuettpelz (2006) tested the principle of DNA barcoding of fern gametophytes using rbcL and successfully identified a cultivated gametophyte as Osmunda regalis. However, whether rbcL shows sufficient variation to allow general identification below genus level remains uncertain (Schneider et al. 2005; Schneider & Schuettpelz 2006).
Moreover, nowadays it is widely accepted that any valid plant barcode will be multi-locus,
preferably existing of a conservative coding region like rbcL, in combination with a more
rapidly evolving region, which is most likely non-coding (Kress et al. 2009). The noncoding trnL intron and trnL-F intergenic spacer (IGS) have been repeatedly suggested for
this purpose (CBOL Plant Working Group 2009; Taberlet et al. 1991, 2006) and were successfully used by Li et al. (2009) for identification of a mysterious aquatic gametophyte.
Besides the technical issues of primer universality and sequence quality and complexity,
Schneider & Schuettpelz (2006) mentioned three potential difficulties for any tested marker
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to overcome: incomplete sampling of the online records to be used as a reference for identification (GenBank/EBI), the occurrence of misidentified and erroneous sequences in these
online databases, and the potential inability of the marker to discriminate among species. An
additional practical problem for fern gametophyte barcoding is the acquirement of sufficient
DNA for multi-locus sequencing from minuscule samples.
We overcame the problems described above and created a reference database of trusted
rbcL and trnL-F sequences, in this case for the ferns of NW-Europe. We then tested its
potential in the context of primer universality and species discrimination power on a set of
previously unidentified gametophyte samples originating from Dutch spore banks. This is
the first test of the question whether the combination of rbcL and trnL-F (intron and IGS)
possesses all the necessary qualities for standard DNA barcoding across a wide, complex
variety of fern taxa. We herewith offer a ready-to-use approach for DNA barcoding of ferns,
to be used in any fern ecological study, and show its strength when applied to a regional
species pool.

Materials and methods
Sequence database for DNA barcoding
Taxon sampling and origin of sequences
52 taxa, representing 23 genera, were included in our reference database and together cover
the diversity of terrestrial ferns occurring and sporulating in the wild in North-western Europe. This region harbours the taxa most likely to reach the area from which the samples
of our case study (see below) originated, and as such is a typical example of a regional
approach to be used by ecologists. We defined “North-western Europe” as comprising the
British Isles, The Netherlands, Belgium, Luxemburg, Northern France and Western Germany (thus excluding the Nordic countries), and a species list for this area was compiled
from Stace (1997), Lambinon et al. (1998) and Van der Meijden (2005). Fresh water ferns
and horsetails were excluded since they fell outside the scope of the spore bank studies for
which the database was originally developed. In order to obtain a set of trusted reference
sequences, we used self-produced sequences for each taxon whenever possible. Sequences
were either obtained from previous studies of the authors or sequenced de novo from freshly
collected leaf material or herbarium specimens. Identifications were checked by experienced fern taxonomists. GenBank accessions were used for a small number of taxa for
which no properly identified material was available. Additional GenBank accessions were
added to the database when available in order to represent multiple individuals per species.
A full list of sequences present in the database and their origin is given in Appendix I.
DNA extraction, amplification and sequencing
Freshly collected specimens were stored on silica prior to extraction. DNA was extracted
using the GenElute™ Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis, USA)
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following the manufacturers protocol. We amplified two plastid regions, a circa 1300 bp.
long fragment of the rbcL gene (using 1FN and 1361R; Table 2.1) and a circa 900 bp. long
combination of the trnL gene and trnL-trnF intergenic spacer together referred to as the
trnL-F region (using FERN-1 and ’f’; Table 2.1). For samples with problematic amplification we additionally used internal primers (Table 2.1). For rbcL, this concerned some seemingly random samples, for trnL-F a few taxa were inherently difficult because a homopolymer C-repeat was present in the intergenic spacer. DNA amplification was performed in 25
µl reactions containing 1x buffer, 3.5 µM MgCl2 , 0.1 µM primers, 200 µM dNTP, 1% BSA
and DMSO, 0.25 U RedTaq™ polymerase (Sigma-Aldrich, St. Louis, USA) and 1.5 µl of
DNA template. Thermal cycling conditions for rbcL were: 50 s at 96°C, 30 cycles of 50 s
at 96°C, 50 s at 53°C and 90 s at 72°C, and a final extension of 7 min at 72°C. For trnL-F
the following protocol was used: 5 min at 95°C, 30 cycles of 5 s at 95°C, 30 s at 53°C and
90 s at 72°C, and a final step of 10 min at 72°C.
PCR products were purified on a 96-wells plate (Thermo Fisher Scientific, Waltham,
USA) using gel filtration with Sephadex™ G-50 (GE Healthcare, Uppsala, Sweden). Sequencing was performed by Macrogen (Seoul, Korea and Amsterdam, The Netherlands)
using the amplification primers (except for samples amplified with internal primers, which
were short enough to sequence with forward primers only). All obtained sequences are
available in GenBank (accession numbers listed in Appendix I).

Table 2.1: Standard primers for amplification and sequencing. F: forward primer; R: reverse primer.
A: used for amplification; AS: used for amplification and sequencing. For PgiC, primers 14F and 16R
were used on Dryopteris, primers 14FN and 16RN were used on Polystichum species.
Marker:
rbcL

trnL-F

PgiC

Primer:
1FN
424F
878F
432R
940R
1361R
FERN-1
720F
743R
f
14F
16R
14FN
16RN

Use:
F, AS
F, AS
F, AS
R, A
R, A
R, AS
F, AS
F, AS
R, A
R, AS
F, AS
R, A
F, AS
R, A

Sequence (5’ to 3’):
ATGTCACCACAAACRGAGACTAAAGC
CTGCTTATTCTAAGACTTTC
TCATCGTGCAATGCATGC
ATAAGCAGGAGGGATTCGCAGATC
CATGCGTAATGCTTTGGCCAA
TCAGGACTCCACTTACTAGCTTCACG
GGCAGCCCCCARATTCAGGGRAACC
CCGTGAGGGTTCRANTCCCCTCTAT
ATAGAGGGANTYGAACCCTCACGG
ATTTGAACTGGTGACACGAG
GTGCTTCTGGGTCTTTTGAGTG
GTTGTCCATTAGTTCCAGGTTCCCC
TGGGTCTTTTGAGTGTTTGG
CATTGCTTTCCATACTA

Reference:
This study
Little & Barrington 2003
Little & Barrington 2003
Little & Barrington 2003
Wolf et al. 1994
Schuettpelz et al. 2007
Trewick et al. 2002
This study
This study
Taberlet et al. 1991
Ishikawa et al. 2002
Ishikawa et al. 2002
This study
This study
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Sequence alignment and data analysis
Sequences were edited and assembled in SeqMan 4.0 (DNAStar Inc., Madison, USA) and
manually aligned using PAUP* 4.0b10 (Swofford 2003). Large indels were coded using
simple indel coding as described by Simmons & Ochoterena (2000).
To estimate species discrimination based on the chosen markers, we used a combination
of two complementary measures: a comparison of interspecific and intraspecific distance
values and a tree-based analysis. The tree-based strategy was performed using maximum
parsimony rather than using a neighbour joining approach, since besides pure distance values also specific shared characters can prove useful in discriminating different lineages for
barcoding purposes (De Salle et al. 2005; Sarkar et al. 2008). Most-parsimonious trees
were generated in PAUP* 4.0 using random taxon additions, TBR swapping and equal
weights. Heuristic bootstrap analysis (Felsenstein 1985) was performed with 1000 bootstrap replicates, 100 random addition cycles per bootstrap replicate, TBR swapping and
equal weights. Species discrimination success was then based on monophyly: a species was
successfully resolved when forming a monophyletic group with sufficient bootstrap support
(bootstrap value >70%). Uncorrected minimal interspecific P-distances were calculated
for all included species. Species discrimination based on distance values was tested for
all species with multiple sequences in the database, according to CBOL guidelines (CBOL
2007). Discrimination was considered successful if the minimal interspecific distance involving a species was larger than its intraspecific distance (CBOL Plant Working Group
2009).
As previous studies showed that the resolving power of multi-locus barcodes is almost
always higher than that of single-locus barcodes (Newmaster et al. 2006; Kress & Erickson
2007; Fazekas et al. 2008; CBOL Plant Working Group 2009), all testing was based on the
combined dataset of rbcL and trnL-F. Four taxa (Botrychium lunaria, Botrychium matricariifolium, Ophioglossum vulgatum and Osmunda regalis) could not be properly included
in the trnL-F alignment due to large sequence divergence (differences at so many positions
that any alignment would be unreliable). Evidence for monophyly of these species thus was
based on rbcL sequences only, but P-distances could be calculated from the total dataset.
The fern chloroplast genome is maternally inherited and hence non-recombining (Gastony
& Yatskievych 1992). As a result, recent polyploids may share their complete chloroplast
genome with their diploid chloroplast donor or with a related polyploid originating from
the same donor, which makes them undistinguishable by any cpDNA marker. The same
problem is seen in apomicts. Our database includes several examples of such complexes.
Dryopteris cristata (L.) A. Gray and D. carthusiana (Vill.) H.P. Fuchs belong to a complex
of allotetraploids sharing ancestral diploid genomes (Landergott et al. 2001). Stein et al.
(2010) showed that both species have identical cpDNA, which they most likely inherited
from a shared extinct parent called D. semicristata (Werth 1989). The tetraploid Dryopteris
filix-mas (L.) Schott is closely entangled with the apomictic D. affinis (Lowe) Fraser-Jenk
(Fraser-Jenkins 2007) aggregate and the species presumably share parents, one of which being D. oreades Fomin (Quintanilla & Escudero 2006; Ekrt et al. 2009). Polystichum aculeatum (L.) Roth is an allotetraploid derivative from the cross between P. setiferum (Forssk.)

22

Chapter 2

Table 2.2: Overview of species merged into a single complex because of identical chloroplast
genomes. All sequences were named after the diploid cpDNA donor, unless this donor could not
be included (Dryopteris ’semicristata’, see text).
Complex name:
Dryopteris oreades s.l.

Dryopteris carthusiana s.l.
Polystichum setiferum s.l.
Asplenium trichomanes subsp. inexpectans s.l.
Asplenium onopteris s.l.
Asplenium fontanum s.l.

Included (sub-)species:
D. oreades
D. affinis
D. filix-mas
D. carthusiana
D. cristata
P. setiferum
P. aculeatum
A. trichomanes subsp. inexpectans
A. trichomanes subsp. quadrivalens
A. onopteris
A. adiantum-nigrum
A. fontanum
A. foreziense

Ploidy:
2n
4n
4n
4n
4n
2n
4n
2n
4n
2n
4n
2n
4n

Woynar, which donated the cpDNA, and P. lonchitis (L.) Roth (Sleep 1971). Asplenium
adiantum-nigrum L. is interpreted as a segmental allotetraploid (at least in Europe) that involved A. onopteris L. as the maternal parent (Vogel et al. 1999a). Finally, A. fontanum is
most likely donor of the cpDNA to A. foreziense (Sleep 1983). For a proper analysis of the
discriminatory power of the chosen markers (see discussion for more details on our line of
reasoning), we chose to collapse the taxonomy in each of these cases and name each member of the group after the (also included) diploid cpDNA donor (Kress & Erickson 2007).
For D. cristata and D. carthusiana the donor could not be included and their sequences were
instead named D. carthusiana s.l.. An overview of the performed merges can be found in
Table 2.2.
A case study: identification of fern gametophytes from spore bank analyses
Sample processing
We used material of a total of 88 gametophytes which resulted from two different soil spore
bank analyses (Chapter 3). Gametophytes ranged in size from c. 1 mm2 to 1.5 cm2 . The
smallest gametophytes resulted from the deeper forest soil layers (>15cm) and lake bottom
samples, and were sampled for DNA extraction at small size because they did not grow
any further and started to look unhealthy. Selection was based on an optimal sampling
scheme for the spore bank analysis, but we made sure that the observed morphological
variation (mainly presence of glandular hairs) was covered. Selected gametophytes were
rinsed with water to avoid contamination and dried on silica in a 1.5 ml Eppendorf tube.
Because of the very small size of the gametophytes, it was impossible to use only part of the
material and use the rest for further culturing. Instead, complete individuals were grinded
with mortar and pestle and a tiny amount of sand, after which DNA was extracted using the
GenElute™ Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis, USA) following
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the manufacturers protocol, but using 10% of all volumes and a final elution in 30 µl water
(Mota de Oliviera 2010). For 86 out of 88 gametophytes this resulted in dissolved DNA of
adequate concentration to be used in multiple PCR reactions. We prefer this method above
tissue-direct PCR (Li et al. 2010) since in case of tiny samples the latter leaves no option for
retrial or application of multiple markers. rbcL and trnL-F were amplified in respectively
three and two parts using the primers listed in Table 2.1 (with the earlier described reaction
mixture and cycling protocol) and sequenced by Macrogen (Seoul, Korea) using the forward
primers. Acquired sequences were edited and assembled in SeqMan 4.0 (DNAStar Inc.,
Madison, USA).
Species identification
BLASTn searches were applied to all produced sequences using the available online databases
(i.e. GenBank, EMBL). Since a considerable part of the existing online accessions involved
partial sequences, BLAST results were ranked by maximal percent identity (MPI) instead
of maximal bit score. Since here we specifically test a regional approach for ecological purposes and non-European species were considered unlikely to be the correct identification,
such species were ignored in all output. Identification at genus level was considered successful when all hits with MPI scores >95% involved a single genus. Species identification
was considered successful only when the highest MPI included a single European species
and scored above 95
Additionally, all sequences were manually aligned with the above described reference
database using PAUP* 4.0b10. Heuristic parsimony analyses using the combined rbcL and
trnL-F database were performed separately for every unknown gametophyte by including
one individual at a time in the analysis. Bootstrapping (Felsenstein 1985) was performed
with 20 bootstrap replicates, 100 random addition cycles per bootstrap replicate, TBR swapping and equal weights. Genus identification was considered successful when the unknown
gametophyte formed a monophyletic group together with all members of a single genus,
with a bootstrap support >70%. An equal strategy was applied for identification at species
level.
Two samples could only be identified as Polystichum setiferum s.l. using above described methods since P. setiferum and P. aculeatum (both occurring in the polder forests)
share the same cpDNA. The nuclear PgiC gene for cytosolic phosphoglucose isomerase
(Ishikawa et al. 2002) was applied to discriminate up to species level, following a method
based on band size differences described by Bremer & De Groot (2010). The length of
the amplified fragment for PgiC differs between Polystichum lonchitis and Polystichum
setiferum, resulting in a difference in band lengths on agarose gel between the two species,
and a double banding pattern in their hybrid derivative, Polystichum aculeatum. These patterns easily discriminate the three species and can be used for identification of unknown
samples. New primers were developed for this purpose (Table 2.1). Thermal cycling protocols were copied from Ishikawa et al. (2002).
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Figure 2.1: Unrooted phylogram of the 50% majority rule bootstrap consensus tree from an analysis
of the combined rbcL and trnL-F sequence data for 46 fern taxa occurring in NW-Europe. Bootstrap
support values are given with each node. In case of multiple accessions per taxon, a sample number
was added behind the taxon name.
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Results
2.0.1

Database

A total of 77 rbcL sequences were selected and incorporated into the reference database
(Appendix I). For trnL-F, 74 sequences were selected, belonging to 47 taxa. New sequences
were produced for a total of 26 species, for 13 species we had to rely completely on GenBank accessions. For a few species, only rbcL accessions were available from GenBank,
which explains the difference in total number of included sequences between the two markers. Primer universality proved high for both rbcL and trnL-F. PCR amplification was successful for all tested taxa using the standard protocol, except for a herbarium sample of
Matteucia struthiopteris, most likely due to poor DNA quality. PCR-protocols were robust.
Sequencing success was >95% for rbcL, and equally high for trnL-F when using internal
primers. The slightly higher effort needed for trnL-F in some taxa (mainly belonging to the
families Blechnaceae and Thelypteridaceae) resulted from the presence of a homopolymer
C-repeat in the intergenic spacer.
Maximum parsimony analysis of the total dataset yielded the phylogram shown in Figure 2.1 (50% majority rule bootstrap consensus). Topology is mostly consistent with currently accepted pteridophyte phylogenies based on the same markers (Schneider et al. 2004;
Schuettpelz & Pryer 2007; Geiger & Ranker 2005). More importantly, 100% of the genera
and 100% of the included species form their own well-supported monophyletic clade (bootstrap support >70%). Mean minimal interspecific P-distance per species (distance to nearest
neighbour) was 0.031. Distances were however very skewed towards lower values, which is
in line with general results for plastid loci in land plants (Hollingsworth et al. 2009). Within
genera, mean minimal interspecific P-distances were smallest for Polystichum (0.006) and
Dryopteris (0.008). These genera had relatively short internal branches but still generally
showed high bootstrap support (Figure 2.1).
Figure 2.2 presents an overview of sequence divergences based on a comparison between maximal intraspecific and minimal interspecific distances for all species for which
multiple samples were included in the analysis. Exact values are given in Appendix II.
For all 24 taxa tested, minimal interspecific distances are clearly higher than maximal intraspecific distances. Not surprisingly, the smallest ratio was found for the subspecies of
A. trichomanes sp., but even there minimal interspecific distance was 1.3 times bigger than
maximal intraspecific distance.
Case study
To test the applicability of the generated database for fern species identification in ecological field studies, we used material of a total of 88 gametophytes which resulted from two
different soil spore bank analyses (Chapter 3 and 7). In one experiment soil samples were
taken from different depths in four forests in the Dutch IJsselmeer polders. More than 25
fern species have been recorded for these forests, which were planted on the bare land of
a former sea bottom and over the last decades acted as giant diaspore traps (De Groot et
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al. 2008). Samples were spread out in the greenhouse of the botanical gardens of Utrecht
University and 86 of the resulting gametophytes were selected for analysis. Two additional
gametophytes resulted from two different soil cores taken from the IJsselmeer lake bottom
in spring 2008. Extraction of DNA from tiny amounts of gametophyte material proved
well possible using a normal commercial extraction kit. Only two out of 88 attempts failed
to produce a workable DNA solution. Table 2.3 gives an overview of the performance of
sequencing and all necessary preceding steps. rbcL amplification was unproblematic and
successful for all samples, in four random cases trnL-F amplification failed completely for
unknown reasons. In some cases however, amplified bands were weak even after a nested
PCR was performed and sequencing produced only a short fragment. Still, usable rbcL
and trnL-F sequences were eventually produced for 97% and 99% of the samples respectively. Sequence coverage was around 84% for rbcL and 89% for trnL-F. The two tiny
gametophyte samples extracted from lake-bottom sediments yielded usable DNA and were
successfully sequenced.

Figure 2.2: Sequence divergence across all 24 taxa for which sequences of multiple individuals were
available. Divergence is given as the relation between the uncorrected maximal intraspecific and
minimal interspecific P- distances. Along the black line both distance values equal each other.
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Identification using various methods classified the tested samples into six taxonomic
groups. Identification results are given in Table 2.4. Identification at genus level succeeded
for all samples using maximum parsimony analysis. 44 out of 79 samples with usable
sequences of rbcL and trnL-F (56%) could easily be assigned to a single species. Maximum parsimony analyses using the rbcL + trnL-F reference database compiled in this study
successfully identified samples as Dryopteris dilatata, Athyrium filix-femina or Thelypteris
palustris. For D. dilatata and A. filix-femina, online BLASTn searches using trnL-F already
successfully yielded the same identification, while searches using rbcL resulted in multiple
options. BLAST analysis failed on samples identified as T. palustris in the phylogenetic
analysis, either because of lack of resolution (rbcL) or because the species was not present
in the online records (trnL-F). Two samples that were identified as Polystichum setiferum
s.l. using the plastid markers could be identified as P. aculeatum using the additional PgiC
marker. Parsimony analyses classified the remaining 35 samples (44%) as either D. oreades
s.l. or D. carthusiana s.l.; further identification to species name remained impossible using
this method since the species have identical cpDNA. In a limited number of cases, bootstrap
support turned out to be insufficient (bootstrap values 50-70%) to distinguish D. dilatata
and D. expansa from D. carthusiana s.l. in the parsimony analyses (Table 2.4). PgiC was
not able to resolve these complexes either: sequences of D. carthusiana, D. dilatata and
D. cristata differ from D. filix-mas and D. affinis, but are identical among species in both
combinations. The fact that BLAST results for rbcL or trnL-F do sometimes give only one
or two options is simply due to lack of online accessions for the other species.

Table 2.3: Performance of used lab techniques, based on the analysis of 88 fern gametophyte samples
from soil spore bank analyses. Percent sequences obtained: percentage of amplified fragments for
which a sequence was obtained. Percent sequence coverage: mean percentage recovered data out of
the total marker sequence length. N: number of included samples.

Performance parameter:
Percent successful DNA isolation:
Percent amplification success:
Percent sequences obtained:
Percent sequence coverage:

rbcL
trnL-F
rbcL
trnL-F
rbcL
trnL-F

Percentage (successful
samples/total samples):
98
(86/88)
100
(86/86)
93
(82/86)
97
(83/86)
99
(80/82)
83
(N=83)
88
(N=80)
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Table 2.4: Performance of various methods of molecular identification, tested on 79 samples for
which usable rbcL and trnL-F sequences were obtained. Bootstrap: mean bootstrap value per sample,
MPI: mean “maximum percent identity” in BLAST output, Genus/Species ID: Percentage of samples
with valid identification to genus/species level. Failure: no valid identification using this marker.
*: including both samples from lake-bottom sediments.

Final identification:

Group I

Group II

Group III

D. filix-mas,

D. carthusiana,

D. dilatata

or D. affinis,

or D. cristata

Group IV

Group V

Group VI

A. filix-femina T. palustris P. aculeatum

or D. oreades
Number of samples:
BLAST rbcL

25

Identification: D. filix-mas,

10
D. carthusiana,

D. affinis,

D. cristata,

D. oreades

D. expansa

9

23

10*

Dryopteris sp. A. filix-femina, T. palustris
A.distentifolium

2
P. setiferum,
P. lonchitis

MPI:

99.2

98.8

99.7

99.6

97.6

98.5

Genus ID:

100.0

100.0

100.0

100.0

0.0

100.0

Species ID:

0.0

BLAST trnL-F Identification: D. filix-mas,

0.0

0.0

4.3

100.0

0.0

D. carthusiana,

D. dilatata

A. filix-femina,

failure

Polystichum sp.

D. affinis

Tree analysis

MPI:

99.8

99.0

99.2

99.3

88.8

98.0

Genus ID:

100.0

100.0

100.0

100.0

0.0

100.0

Species ID:

0.0

0.0

100.0

0.0

0.0

Identification: D. oreades s.l. D. carthusiana s.l.,

(rbcL + trnL-F)

100.0
D. dilatata

A. filix-femina, T. palustris P. setiferum s.l.

(D. dilatata),
(D. expansa)

PgiC

Bootstrap:

86.3

76.6

75.7

98.9

100.0

99.8

Genus ID:

100.0

100.0

100.0

100.0

100.0

100.0

Species ID:

0.0

Identification: D. filix-mas,
D. affinis

0.0

100.0

100.0

100.0

0.0

D. carthusiana,

D. carthusiana,

X

X

P. aculeatum

D. dilatata,

D. dilatata,

D. cristata

D. cristata

Genus ID:

100.0

100.0

100.0

100.0

Species ID:

0.0

0.0

0.0

100.0
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Discussion
Selecting an appropriate barcode for ferns
In line with previous results of for land plants in general (Taberlet et al. 2006) and for
bryophytes (Liu et al. 2010), it proved possible to amplify and sequence trnL-F in ferns using a limited set of universal and very reliable primers, even when using suboptimal starting
material. Primer universality of rbcL was already shown by various authors (e.g. Pryer et
al. 2004; Schneider et al. 2004) and is confirmed by our results. As in many plastid spacer
regions in plants (e.g. Shaw et al. 2005, 2007; Erkens et al. 2009), a mononucleotide repeat
of varying length is also present in fern trnL-F sequences. Such microsatellites potentially
lead to reduced sequence quality and the use of any spacer region for plant DNA barcoding
has therefore been criticized (Devey et al. 2009). The use of a single pair of internal primers
however successfully solved this problem in our case. Fazekas et al. (2010a,b) showed that
the use of proofreading enzymes fused to nonspecific dsDNA binding domains can also
greatly improve sequence quality in case of mononucleotide repeats.
While Taberlet et al. (2006) concluded that the trnL intron generally shows a low barcoding resolution among land plants, variation of the combined trnL and trnL-F spacer
region appears to be surprisingly high for ferns. When combined with rbcL, both distanceand character-based tests showed a 100% resolving power at both genus and species level
(Figure 2.1 and 2.2) for all included taxa with different chloroplast genomes. Although
based on limited sample sizes, the calculated sequence divergences indicate the presence
of a clear ’barcoding gap’ across European fern taxa: enough difference between interand intraspecific distances to discriminate a species from its nearest neighbours (2010b).
Maximum parsimony analysis yielded the same well-supported differentiation, even though
testing for it in a fundamentally different way. When adding this to its highly universal
primers and robust PCR conditions, we conclude that trnL-F might be a valuable substitute
for the problematic matK spacer (CBOL Plant Working Group 2009; Hollingsworth et al.
2009), and in combination with rbcL possesses all the necessary qualities to form a powerful
barcode for species identification of pteridophytes, at least in NW-Europe.
The fern chloroplast genome is maternally inherited and hence non-recombining (Gastony
& Yatskievych 1992). Recent allotetraploids therefore are likely to still share an identical
chloroplast genome with the diploid parent that functioned as chloroplast donor or with a
related polyploid sharing the same donor. This makes it often impossible to distinguish
such related species based on the cpDNA, as sequences will be identical for any chloroplast marker. The same problem can be expected for apomictic aggregates. We explicitly
chose to ignore this issue in our performance tests, since plant DNA barcoding efforts are
currently restricted to the single-copy cpDNA (CBOL 2007; CBOL Plant Working Group
2009; Hollingsworth et al. 2009) and similar problems are thus to be expected for any
candidate locus. The uniparental inheritance of the chloroplast is however an important issue to address, since this focus on the cpDNA can clearly reduce identification success in
plant groups like temperate ferns, which are known for a high frequency of hybridization
among closely related species (Barrington et al. 1989) and a relatively frequent formation
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of apomictic lineages (Lovis 1978). Application of a nuclear marker may often be useful
for valid species discrimination in case of allopolyploid species, as well as for proper identification of hybrid individuals. We therefore suggest a further search for nuclear markers
which are cheap and easy to apply. An example is the nuclear PgiC gene encoding cytosolic phosphoglucose isomerase (Ishikawa et al. 2002). PgiC has discriminatory power for
European polystichoids, as shown by Bremer & De Groot (2010). They reported a simple
identification method based on band lengths on an agarose gel, which discards the time
and money consuming cloning step often discouraging barcoders from using nuclear loci
(Hollingsworth et al. 2009). However, for some other genera PgiC proved less useful, as
discriminatory power was insufficient a. Clearly, more effort is needed to find alternative,
more universal nuclear markers with sufficient discriminatory power.
Methods for species assignment
We assessed both barcoding resolution of the tested markers and identity of the test samples by use of two different methods of comparison: a character-based parsimony analysis
(checking for well-supported monophyly of species, with or without the presence of a query
sequence) and a distance-based analysis (checking for (pair-wise) sequence similarity based
on the number of identical nucleotide positions). Distance-based comparison methods are
fast and can provide a rank list of nearest neighbours accompanied by a simple score of
similarity (Altschul et al. 1990). This is useful when comparing samples with a limited
reference database from which the correct species might be missing. Parsimony analysis
might then yield a monophyletic clustering with the wrong species if other species are sufficiently different, while distance values will most likely still indicate a small percentage of
dissimilarity. The other way around however, number of similar positions (similarity) is not
always an indication of relatedness (Koski & Golding 2001): species with equal similarity
scores might still be different at specific positions. Such character differences are taken into
account when testing for well-supported monophyly based on parsimony. Additionally, the
use of bootstrapping provides a measure of the expected mis-assignment due to local homoplasy (Fazekas et al. 2008). Maximum parsimony analysis and bootstrapping are however
computationally demanding, which might be a problem for barcoding applications. In our
view however, both methods are complementary and we therefore advocate a joint use both
in case of assessing the optimal set of barcodes and in case of actual species assignment
tests by barcoding.
Proper sequence alignment is essential for any assignment method based on phylogenetic analysis, either distance- or parsimony-based (DeSalle et al. 2005). Creating an acceptable global alignment above genus level is often impossible for loci with relatively high
variation (Kress et al. 2005; Fazekas et al. 2008), thus limiting the use of this type of
methods for species assignment. An easy option is to keep problematic (highly diverging)
sequences out of the alignment. In our case, sequences of five (evolutionary older) species
could not be aligned with the rest, but the resolving power of the less-variable rbcL locus
was already high enough to form well-supported monophyletic species. This once more
indicates the strength of using a hierarchical multi-locus strategy with rbcL as a backbone
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locus, as proposed by the CBOL Plant Working Group (2009). In practice, a preliminary
species assignment for most NW-European ferns will be already possible based on rbcL and
might be verified or specified by comparison with trnL-F sequences. This can either be done
manually, by use of pair-wise distance analysis, or by performing a second parsimony analysis using data of a single genus only. At the same time, current advances in comparative
genomics induce innovations in bioinformatic techniques for automated analysis of large
and diverse sequence databases (Ptazek & Sell 2005). Newly developed tools for (multiple) sequence alignment are more dynamic, using adjustable local algorithms and instant
global replotting, and as such are better suited for alignment of distantly related sequences
(Ovcharenko & Loots 2003; Ovcharenko et al. 2004).
Application of DNA barcoding in fern ecology
In part of the BLAST searches performed for test sample identification, MPI values were
equally high for some Asian and American species as for the (more likely) European species.
Such species were specifically ignored here, but these results indicate that DNA barcoding
of ferns might be more problematic on a global scale. Testing the rbcL + trnL-F barcode
on a wider scale and/or a further search for (additional) fern barcodes cannot be avoided.
Finding universal primers for the exhaustive variation in closely related fern species will be
extremely difficult. For ecological applications a regional barcoding approach might therefore be the best choice, as its goal is simple: finding the most likely identification for a
specimen encountered, given its local environment. For this purpose, a regional approach is
most efficient, as it enables the use of a restricted reference database of trusted sequences for
all species of a specific region or ecological community (Kress et al. 2009; Le Clerc-Blain
et al. 2010). Our study approached such a database for the native ferns of North-western
Europe. We acknowledge that restricting the reference set to a certain region neglects the
possibility of invasions and garden escapes (although typical examples might be included
in the database), but the same is true for common practice in morphological identification.
Even though 44% of the tested samples could not be resolved to a single species because
they belonged to one of the polyploidy complexes described above, all samples could be resolved to genus level. The fact that even difficult samples with low quantities of degraded
DNA, like gametophytes resulting from spores of the long-term lake-bottom spore bank,
could successfully be sequenced and identified opens the way for answering a whole range
of previously ignored questions in the field of fern gametophyte ecology. Gametophytes
derived from samples of the deeper soil layers typically were small and unhealthy. Such
individuals would never have produced sporophytes of identifiable size, thus making them
unidentifiable by conventional morphological methods. However, these gametophytes represent the few long-term surviving spores in the soil and potentially yield valuable information about past vegetation composition and diversity. Likewise, morphological identification
is inapplicable when studying population biology or reproductive success of gametophytes
in the field. In such cases barcoding is a very efficient and valuable technique. Already,
some ecologists used a barcoding approach to identify a specific unknown plant sample for
practical purposes (Li et al. 2009; Van de Wiel et al. 2009; Pryer et al. 2010). We now offer
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a complete and ready-to-use approach for wider application of DNA barcoding in ecological
studies on ferns in north-western Europe.
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Abstract
The relative importance of dispersal and the (a)biotic environment for plant colonization
success has been actively debated over the past years. Distribution patterns and local abundances of ferns have traditionally been attributed to environmental factors, because of their
obvious dispersal capacities. Recent studies comparing species distributions with patterns
of habitat heterogeneity reopened the discussion about the factors limiting fern colonization. Soil spore bank studies can help to identify these factors. We investigated the size and
composition of the spore bank of young forests recently planted on a former sea-bottom in
The Netherlands. Soil samples were taken from different habitats (flat terrain and banks of
drainage trenches) and different depth layers in four forests which vary in age and number
of established fern species. We applied DNA barcoding to identify the emerging gametophytes and sporophytes. Data from long-term floristic inventories were used to compare
above- and belowground species composition and diversity.
Soil spore densities were relatively high for all forests, but strongly declined with depth.
Several rare species were found in the soil bank which have not been found in the local
vegetation and must have arrived by long-distance dispersal. At the flat terrain species
diversity was higher in the soil than in the vegetation; the opposite was true for trench
banks. Above- and belowground species diversity did not relate to forest age.
Our results indicate that many ferns are well dispersed into new habitats and may form
spore banks of considerable size and diversity within decades after habitat creation. Habitat
availability, rather than dispersal, may limit species diversity at the scale of forests, even
when these are isolated or of recent origin. Within such suitable patches, however, spore and
habitat limitation might go hand in hand, as establishment depends on small and temporary
windows of opportunity.
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Introduction
Current changes in the worldwide environment have urged researchers to study the determinants of ecosystem diversity and species distribution (Rosenzweig 1995; Svenning & Condit
2008). A primary determinant is colonization (Zobel, 1992; Eriksson, 1993), which depends
both upon the ability of propagules to disperse into the system and their ability to germinate, establish and propagate under the biotic and abiotic conditions they encounter locally
(Chambers & MacMahon 1994). As a result of climatic changes and habitat fragmentation, abilities for long-distance dispersal may become increasingly important for a species’
colonization success (Cain et al. 2000). At the same time, environmental changes may
alter the availability of suitable habitats. Therefore, understanding the relative importance
of dispersal capacity versus the ecological characteristics of the (a)biotic environment for
local species richness is of crucial importance for biodiversity conservation (Münzbergová
& Herben 2005). The limiting role of these factors has been actively debated over the past
decades. Classical niche theory states that the composition and diversity of plant communities is strongly determined by ecological conditions that limit establishment success (e.g.
Tilman 1993). Other models propose community assembly to be mainly driven by dispersal
limitation. Such models either assume that the availability and size of diaspore sources is
limiting while species are ecologically equivalent (Hubbell 2001), or assume species to differ in dispersal capacity (e.g. Vandvik & Goldberg 2006). Which is the dominant limiting
factor may, in fact, differ between types of ecosystems and is still a topic of active research,
especially for temperate systems (Myers & Harms 2011; Vı́tová & Leps 2011).
For ferns, distribution patterns have traditionally been attributed to environmental factors (Marquez et al. 1997), because of their reputation to have virtually unlimited dispersal
abilities (Zobel et al. 2000). Many studies therefore focussed on relating species distributions to patterns of environmental heterogeneity (e.g. Richard et al. 2000; Karst et al. 2005).
Relations between habitat availability and species distribution have been shown from field
data (Guo et al. 2003; Flinn 2007). Flinn (2007) suggested colonization success to depend
both on the availability of suitable sites for establishment and species-specific establishment
rates. Yet, although correlations between fern distribution patterns and spatial variation in
abiotic conditions have been found, the determinants of such relations are ambiguous especially at fine scales, possibly because strong local dispersal patterns lead to discontinuous
spore availabilities (Richard et al. 2000; Wild & Gagnon 2005). Even for a taxonomic
group with such obvious dispersal abilities, the relative importance of the factors affecting
species distributions thus may vary with scale, habitat and species. More study is needed,
and should experimentally test spatial patterns in spore availability (Wild & Gagnon 2005;
Bremer 2007).
Direct investigation of relations between spore dispersal and gametophyte or sporophyte
distribution is however very difficult. Strong local dispersal patterns can partly be explained
by the fact that most spores end up very close to the parent plant (Penrod & McCormick
1996). Tracking spore dispersal over long distances, however, is nearly impossible. As a
result, reliable rates of long-distance dispersal remain largely unknown (Cain et al. 2000).
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An alternative option for estimating the frequency of spore arrival and investigating levels of
spore limitation is to study soil spore banks (Dyer & Lindsay 1992; Flinn 2007). Although
drawing conclusions about species dispersal capacities based on soil bank samples is difficult, as the local absence of a species cannot be concluded firmly from its absence in the
limited amount of sampled soil, the presence of a species in the sampled diaspore bank indicates its successful dispersal to the local habitat. Linking species composition belowground
with that in the local vegetation potentially yields information on the suitability of the local
environment for establishment (During 2007). Several studies have confirmed the existence
of considerable, long-lived reservoirs of viable fern spores in many soil types (Hamilton
1988; Dyer & Lindsay 1992). However, only a limited amount of studies has gone beyond
this quantitative approach and compared exact species compositions between locations or
within soil profiles. This may partially be due to the fact that species recognition is difficult
and time consuming in fern spore bank studies, as gametophytes are extremely hard to identify (Schneller 1975) whilst sporophytes are not always formed and only slowly reach a size
which allows morphological identification. Fortunately, molecular identification by DNA
barcoding (species identification based on differences at one or a few short sequence tags
(e.g. CBOL 2009)) is now possible for fern specimens, and can effectively solve species
identity problems in studies on fern ecology (De Groot et al. 2011; Chapter 2).
In order to assess to what extent spore dispersal limits fern species diversities and how
this effect relates to potential habitat limitation, we investigated the abundance and diversity
of fern spores in the soils of planted forests in recent polder lands in The Netherlands,
reclaimed from the sea in 1940s and 1950s. Most of the planted forests were colonized over
the last decades by numerous fern species. However, the former sea bottoms that now forms
the polder soils most likely contained no or very few viable spores at the time it was drained.
Therefore, the total local fern diversity, belowground as well as aboveground, must have
been build op ’from scratch’ in this ’tabula rasa’-like system (Nordal 1987). Moreover, the
forests not only vary in age of the plantations, but also in the exact abundance and diversity
of fern species present in the understory (Bremer 2007). They therefore yield an ideal study
area for investigations on the development of biodiversity and the relative importance of
dispersal and habitat availability for fern colonization (De Groot et al. 2008). Based on a
combination of spore bank analysis and long-term vegetation inventories, we tested three
main questions: 1) To what extent did a large and diverse spore bank build up from (nearly)
nothing in the former sea-bottom soils of the Dutch polder forests? 2) To what extent does
this spore bank contain rare species that must have arrived by long-distance dispersal? 3)
How does the belowground species diversity relate to the aboveground diversity, and how
does this differ between different forest habitats?
We sampled the soil spore bank in four polder forests of varying age and compared
the belowground and aboveground species composition, in order to test our hypothesis that
local spore banks may contain species which have not (yet) been observed aboveground.
This would indicate some extent of environmental limitation (e.g. Sundberg & Rydin 2000).
For the first time in a study on plant diaspore banks, we used DNA barcoding (De Groot
et al. 2011; Chapter 2) to explicitly compare the species composition of gametophytes
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and sporophytes in the cultured samples. Gametophyte species composition has often been
ignored in fern spore bank studies, but might be a more direct measure of the spore bank
composition than the more easily identifiable sporophytes, as it is not affected by the success
of fertilization on the gametophytes.

KB
VB
RA
BB

IJ

10 km

Figure 3.1: Map of the IJsselmeer lake in the centre of The Netherlands, with the IJsselmeer polders
in the eastern part of the lake. The Kuinderbos (KB) and Voorsterbos (VB) are located in the northern
polder (Noordoostpolder), the Bremerbergbos (BB) and Reve/Abbertbos (RA) are located in the 15
years younger southern polder (Oostelijk Flevoland). In between the two polders the river IJssel
(IJ) flows into the Ketelmeer (northern part of the IJsselmeer, former Zuiderzee). The black square
indicates the city of Amsterdam. Original map: http://www.d-maps.com.

Materials and methods
Site characterization
The Dutch IJsselmeer polders were reclaimed from a former inner sea (Zuiderzee) between
1932 and 1957. The creation of these polder lands resulted in a large area of new land
(about 1500 km2 in total) with nearly virginal soils, although some viable diaspores might
have been present already in the sea-bottom sediment (De Groot et al. 2011; Chapter 2).
Various forests, mixtures of deciduous and coniferous species, were planted in the area and
were colonized over the last decades by numerous fern species, many of which are rare
in the Netherlands and must have arrived by long-distance dispersal (Bremer 1980, 2007).
These forests thus acted as large diaspore traps over the past decades, and thereby provide
a unique opportunity to study effective long-distance dispersal. For this study, four forests
were selected, which vary with respect to the exact age of the plantations and the presence
of drainage trenches.
The Kuinderbos, at the north-eastern edge of the Noordoostpolder (Figure 3.1) harbours
the largest diversity of fern species known for any area in the Netherlands (Bremer 2007).
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The forest was planted around 60 years ago (Table 3.1) on the former sea bottom, which here
mainly consists of a layer of calcareous sand, on top of the remnants of an old, previously
submerged peat layer. Throughout the forest, the top sand layer is intersected by a large
number of drainage trenches, dug before the trees were planted. The soil spore bank of
the Kuinderbos was compared with those of three other planted forests in the IJsselmeer
polders, in which plots were chosen in such a way that soil composition and tree cover
were similar to that of the sampled part of the Kuinderbos: dominant tree stands of Acer
pseudoplatanus, Fraxinus excelsior and Quercus robur, on a calcareous sandy soil.
The Voorsterbos is also located in the Noordoostpolder and is the oldest forest selected
(planted around 62 years ago). The southern and somewhat younger polder area (Table 3.1)
harbours the Reve/Abbertbos ( planted around 50 years ago) and the youngest forest, the
Bremerbergbos (planted around 40 years ago). The Voorsterbos and Reve/Abbertbos also
have trenches, but these are less deep (Table 3.1) and therefore lack the steepness of the
trench bank slopes found in the Kuinderbos; trenches in the Bremerbergbos are present,
but very shallow and without any steep slopes. The thickness of the humus and humusrich layers varies from <10 to 20 cm between forests (Table 3.1). Below these layers, the
old sea-bottom sand starts. This sand is of very high pH (>7) in the sampled parts of the
Kuinderbos, Reve/Abbertbos and Bremerbergbos, but known to be lower in the Voorsterbos.
Table 3.1: Age of polder soil (given as year when the sea-bottom first fell dry), age of tree stands
(given as year or period when forest was planted), mean depth of trenches (as a proxy of quality of
trench habitat; N = 5), and thickness of the humus layer (humus + humus-rich layers) on top of the
sand of the former sea-bottom for the forests sampled in this study.

Forest:
Kuinderbos
Voorsterbos
Bremerbergbos
Reve/Abbertbos

Acronym:
KB
VB
BB
RA

Polder age
(yr):
1942
1942
1957
1957

Forest age
(yr):
1947-1953
1944
1968-1975
1959-1962

Trench depth
(cm):
82
53
30
39

Humus layer
(cm):
10-20
±10
<10
<10

Sampling and culturing
Kuinderbos and Bremerbergbos were sampled in February 2008, Voorsterbos and Reve/
Abbertbos in February 2009. Two different habitats were recognized per forest: the slopes
of the trench banks and the flat terrain in between trenches. Per habitat, we randomly
selected ten replicate locations, at which we drilled three cores using a metal corer (30 cm
long, 10 cm in diameter). The litter layer was removed before soil extraction in order to
restrict the sample to the persistent spore bank. At the ’trench’ habitat, cores were drilled
perpendicular to the slope of the bank and only the top 0-5 cm was collected. Cores at the
’flat terrain’ habitat were cut into layers and three sections were collected: 0 5 cm, 7.5 12.5
cm, 15 20 cm. All samples were sealed individually and processed within 48 hours.

40

Chapter 3

In the lab, the outer 0.5 cm was removed from all core sections with a clean knife
to avoid contamination (Schneller 1998). The three samples from equal depth from the
same location were pooled and sieved through a 0.5 cm mesh in order to create a single
homogeneous mixture of loose soil without any larger stones and wood fragments. From
each mixture, five replicated cultures were initiated in transparent boxes of 8x8x5cm with
a closed transparent lid (Rubox B.V., Hazerswoude, the Netherlands). A 0.5 cm thick layer
of soil mixture was spread out in each box on top of 2 cm sterilized and moistened sand.
To control for contamination by occasional opening of the lids, five similar cultures were
initiated per forest using autoclaved soil. This resulted in a total of 205 boxes per forest
(10x3x5 + 10x5 + 5). All boxes were placed side-to-side in a fully randomized setting in
the greenhouse of the Botanical Garden of Utrecht University. Cultures were protected from
direct sun light using shade cloth, but were supplied with artificial light from three 400W
sodium lamps to compensate for seasonal fluctuations in light. Temperature was regulated
at 18 °C, but higher temperatures on hot summer days could not be avoided.
Scoring
After four months the numbers of gametophytes were counted in all boxes. We distinguished for the only taxonomic character known to be consistent per species (Dyer and
Lindsay 1992): the presence of trichomes (glandular hairs). Gametophytes with trichomes
are subsequently referred to as ’trichomatous’ or ’T+’, gametophytes without trichomes are
referred to as ’naked’ or ’T-’. In a pilot study, density and shape of trichomes were found
to vary within and overlap between the species in our study area (De Groot, unpublished
data) and such features were therefore ignored for classification. For a more specific investigation of gametophyte species diversity, a small subset of gametophytes was selected for
identification by DNA barcoding (see below). For Voorsterbos and Reve/Abbert, one naked
and four trichomatous prothalli were randomly selected from cultures of the top soil layers
of trenches and forest floor, and one naked and six trichomatous prothalli from each of the
deeper layers, thus resulting in 24 samples per forest. Sampling strategy for Kuinderbos
and Bremerbergbos was less consistent, since we were unsure at the time whether we could
extract DNA from tiny gametophytes and thus randomly selected a total of 36 individuals
of sufficient size out of the 400 boxes of the two forests.
Until a year after the start of the experiment, all boxes were regularly checked for emerging sporophytes. All sporophytes found were transferred to bigger pots and cultivated under
equal conditions until they reached an identifiable size. Final identifications were done
about 1.5 year after the start of the experiment. For each of the recognized species the
identity of at least three individuals (whenever possible) was confirmed by DNA barcoding.
Vouchers of each recognized species were deposited in the voucher collection of Ecology
and Biodiversity, Utrecht University.
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DNA barcoding
Selected gametophytes were washed in tap water, checked for trichomes under a stereomicroscope and then dried in separate Eppendorf tubes with silica beads. Sporophyte material
was put in a paper bag and dried with silica. DNA extraction was successful even for tiny
samples using the method of Mota de Oliviera (2010). DNA barcoding was performed using a two-locus barcode, as described in Chapter 2. For details on the methodology of the
lab work and the process of identification we refer to their paper. Sequencing failed for
three individuals, resulting in a total of 81 successfully identified gametophytes. Gametophyte samples of Dryopteris filix-mas (L.) Schott and Dryopteris affinis (Lowe) Fraser-Jenk.
could not be distinguished, since they share the same chloroplast genome (Chapter 2). The
same is true for Dryopteris carthusiana (Vill.) H.P. Fuchs and Dryopteris cristata (L.) A.
Gray. For this reason, identifications were summarized as D. filix-mas s.l. and D. carthusiana s.l. respectively. Although sporophytes could be distinguished based on morphology,
for reasons of comparison sporophyte identifications were merged in a similar way.
Field inventories
The aboveground pteridophyte vegetation was characterized in two different ways. Four
months after sampling the spore bank (June 2008/2009) each sampled location (20 per forest) was revisited in order to conduct a floristic inventory, using a circular plot with the
sampling location in its centre and a diameter of 5 meter. All fern species present as sporophytes were recorded. Additionally, we combined data from previous long-term inventories
(up to 30 years) by the authors, existing literature and available databases to create for each
forest a list of all species that have ever been recorded in the forest as a whole. The new
plot-related inventories allowed direct comparison of above- and belowground species diversity. Comparisons with previous inventories must be interpreted with care, since they
included whole forests instead of only the parts selected for sampling, and thus sometimes
encompassed more habitat variation.
Data analysis
Density of viable diaspores was calculated per depth per location as the amount of observed
gametophytes per volume of soil placed in the culture boxes. To calculate densities of viable
diaspores per depth per location, gametophyte numbers of the five culture boxes per depth
per location were divided by the soil volume in these boxes. To determine fertilization success in the greenhouse cultures, fertilization rates were calculated per depth per location by
dividing the number of observed sporophytes by the number of observed gametophytes. A
square root transformation was performed on gametophyte counts and species numbers to
improve normality of the data and homogeneity of variances; percentages T gametophytes
were arcsine transformed. Locations (ten per habitat per forest) function as replicates in all
statistical analyses (performed with SPSS v16.0; SPSS Inc., Chicaco, USA), as the samples of three cores per location were pooled. Differences between forests and habitats were

42

Chapter 3

assessed by univariate analysis of variance (ANOVA) for all three variables (gametophyte
abundance, percentage of T- gametophytes and species diversity), using only the data of the
top layer of the soil (since deeper parts were not sampled for the trenches). For the flat
terrain habitat, three depths were sampled, but the factor ’depth’ is nested within location.
Therefore, differences with depth (flat terrain habitat only) were tested by repeated measures ANOVA. In the analysis of species diversity, gametophyte abundance was added as a
covariate. Repeated measure ANOVAs were also used to compare above- and belowground
species diversity. Linear regression tests were performed to relate gametophyte abundance
and above- and belowground species diversity to both forest age (all samples included) and
trench depth (trench habitat samples only).
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Figure 3.2: Mean gametophyte abundances (a,b) and percentages of gametophytes without trichomes
(T-; c, d). Figure (a) and (c) show differences between the top soil layers (0-5 cm) of the two habitat
types (black = flat terrain, light gray = trenches). Figure (b) and (d) show differences between different
soil depth layers for each forest (black = 0-5 cm, light gray = 7.5-12.5 cm, dark gray = 15-20 cm).
Standard errors are given with each bar. See Table 3.1 for forest acronyms.
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Results
Abundance and vertical distribution of viable spores
Viable fern spores were found in all sampled forests, habitats and depths. Gametophyte
densities in the individual samples ranged from 0 cm−3 to 5.6 cm−3 . None of the control
culture boxes contained any fern gametophyte. In all forests, considerable variation was
present between replicate locations. However, clear and significant differences could still be
recognized between forests, between habitats and in depth (Table 3.2). Forests clearly varied
in abundances of spores in the soil bank: gametophyte counts were significantly higher for
the Voorsterbos and Reve/Abbertbos than for the other two forests (P<0.001). More viable
spores were present in samples from the flat terrain habitat than in the trenches (Figure 3.2a),
although this difference was only significant in the Voorsterbos and Bremerbergbos, where
densities were 2 to 4 times higher on the flat terrain. No significant trends in gametophyte
abundance were found in relation to either forest age or trench depth.
A steep vertical decline in spore densities was present in all forests (Figure 3.2b). The
strongest decline was found in the Bremerbergbos, where the second layer contained only
3% and the deepest layer <1% of the density in the top layer. In the other forests, at 7.5-12.5
cm depth still 10-20% of the top layer density was present. However, differences between
all layers were strongly significant in all forests (P< 10.001).
Gametophyte identification and the presence of trichomes
Considerable percentages of the gametophytes in all forests were found to be nontrichomatous (T-). The highest mean percentage was found in the Reve/Abbertbos (32%),
which differed significantly from the other forests (Table 3.2). No clear relations could be
found with soil depth or habitat (Figures 3.2c and 3.2d). Variation between locations was
large, which was mainly due to strong differences in the abundances of non-trichomatous
gametophytes while abundances of trichomatous gametophytes were much more constant.
Out of the 84 gametophytes selected for barcoding, 25 individuals were non-trichomatous.
All of these were identified as members of the same species: Athyrium filix-femina (L.)
Roth. More diversity was found among trichomatous individuals. At least five different
species could be identified: three species of Dryopteris (together representing over 70%
of the identified gametophytes, see De Groot et al. (2011) for more details), and several
individuals of Thelypteris palustris Schott and Polystichum aculeatum (L.) Roth.
Belowground species distribution
Overviews of the numbers of identified sporophytes and gametophytes per species per sample type are given in Table 3.3. In total, 650 sporophytes were transplanted, cultured and
identified. We recognized nine species (or species groups), belonging to seven different genera. Overall, a large majority of the individuals belonged to Athyrium filix-femina, which
was present in both habitats in all forests but almost exclusively in the top 0-5 cm. In
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Table 3.2: F-ratio statistics resulting from univariate analyses of variance (ANOVA), testing for differences in gametophyte abundance and for differences in the percentage of gametophytes without
trichomes (T-). Effects of habitat, forest and their interaction were assessed by univariate ANOVAs
(data from top layer only). Effects of depth, and its interaction with forest, was assessed by repeated
measures ANOVAs (data from flat terrain habitat only). Separate tests were performed for the overall
effect and the effects within each of the four forests. F-ratios indicating significant differences are
displayed in bold face (* = P<0.05, ** = P<0.01, *** = P<0.001). Due to lack of replicates in the
deepest soil layer, the effect of depth on the presence of T- gametophytes could not be estimated for
the Bremerbergbos (BB). See Table 3.1 for forest acronyms.

Abundance

Percentage T-

Habitat
Forest
Forest * Habitat
Depth
Forest * Depth
Habitat
Forest
Forest * Habitat
Depth
Forest * Depth

Overall
22.401***
25.442***
7.624***
459.542***
23.700***
0.224
2.817*
0.786
0.696
1.305

KB
0.78

VB
29.806***

BB
11.402**

RA
0.174

28.033***

252.410***

150.945***

99.788***

4.832*

0.266

0.137

0.009

2.067

0.43

-

0.006

three of the forests this was the most abundant species, but higher numbers of Thelypteris
palustris were recorded in the Kuinderbos. Thelypteris palustris, Dryopteris filix-mas s.l.
and Dryopteris carthusiana s.l. were common in some forests, but rarer in others. Although
gametophyte species distributions must be interpreted with care due to unequal sample numbers among categories, patterns largely resemble those of the sporophytes. D. filix-mas was
abundant in Bremerbergbos and Reve/Abbertbos, but rare or absent in the other two forests.
D. carthusiana and D. dilatata (Hoffm.) A. Gray were abundant in the Voorsterbos but rare
or absent in others.
We found four species that are rare (Phegopteris connectilis (Michx.) Watt) or even
known to be threatened (Blechnum spicant (L.) Sm., Gymnocarpium dryopteris (L.) Newm.,
Polystichum aculeatum) in The Netherlands (Van der Meijden 2005; Table 3.3). Each was
found only 1-3 times and all but B. spicant were recorded from the Reve/Abbertbos (Table
3.3). A general overlap in species composition was found between layers: the species that
were recorded in the deeper soil layers (7.5-12.5 and 15-20 cm) were also present in the
top layer. However, the total number of species recorded in the deeper layers was clearly
lower than in the top 0-5 cm, for all forests except for the Voorsterbos. The mean number of
species per plot (Figure 3.3a) was clearly higher in the top layers in all forests. The number
of sporophytes retrieved from the two deeper soil layers was limited to 1-5 individuals per
forest in the middle layer, and only 0-2 individuals per forest in the deepest layer (Table
3.3). However, considerable quantities of gametophytes developed from samples of these
deep layers.

Limitations for fern species diversity: evidence from young spore banks

45

Table 3.3: Overview of fern species found in the soil spore bank samples. The number of gametophytes identified by DNA barcoding (first value) and the number of sporophytes found in the samples
(second value) are given per depth layer (5, 10, 20 cm) per habitat (T = trench, F = flat terrain) per
forest. If ’-’ is given for a certain category, neither were sporophytes found of this species, nor did
any of the identified gametophytes belong to this species. ’No. of gametophytes’ = total number of
gametophytes identified by DNA barcoding. ’No. of sporophytes’ = total number of sporophytes
found in the boxes. ’Species per category/forest’ = Total number of species found per category/forest.
D. filix-mas s.l. may include individuals of both D. filix-mas and D. affinis. For gametophytes, D.
carthusiana s.l. may include individuals of both D. carthusiana and D. cristata. See Table 3.1 for
forest acronyms.
KB
VB
Species name:
T5
F5 F10 F20 T5
F5
F10
A. ruta-muraria
A. scolopendrium
D. filix-mas s.l.
0+1 4+0
D. carthusiana s.l.
1+3
- 1+0 2+2 2+44 2+0
D. dilatata
- 1+0 2+2 2+0
P. aculeatum
G. dryopteris
P. connectilis
A. filix-femina
1+2 2+7
- 1+0 1+153 1+5
T. palustris
0+3 3+12 0+1 - 1+0 0+5 1+0
B. spicant
0+1
No. of gametophytes: 1
10
0
1
4
5
6
No. of sporophytes:
6
22
1
0
2
205
5
Species per category:
3
4
1
1
4
5
4
Species per forest:
4
6

F20
0+1
1+0
4+1
1+0
6
2
4

BB
RA
T5
F5
F10 F20 T5
F5
F10 F20
0+1
1+9 3+18
4+4 3+14 6+1 6+0
0+7 2+17 0+2 0+4
0+4
1+0
1+0
0+2
0+1
0+1
3+4 11+86 - 1+65 1+135 1+0 1+0
1+2 2+24
0+1
0+3 0+2 5
19
0
0
5
5
7
7
22
146
2
0
76
158
3
0
4
6
1
0
5
7
3
2
6
7

Aboveground species distribution and comparison with soil spore bank composition
A summary of all species ever recorded in the studied forests is given in Table 3.4 in the
Supporting Information. This list confirms the Kuinderbos as the most species rich forest
(67% of the terrestrial ferns ever recorded in The Netherlands). About half of this diversity
has been found in the Voorsterbos and Reve/Abbertbos, only a third in the Bremerbergbos.
The Kuinderbos also harbours the rarest species. Our own inventories near the sampled
locations resulted in much lower diversities (Table 3.5). Again, however, most species were
found in the Kuinderbos. According to our inventories, only in the Kuinderbos species
numbers differed between habitats. Above- and belowground species diversity did not significantly relate to differences between forest in stand age or trench depth.
For every forest, only part of the species that have been recorded in the past in the
vegetation (Table 3.4) were retrieved from the soil spore bank (Table 3.3). Also, as shown
in Figure 3.3b, species diversity in the top 5 cm of the soil in the trench habitat was lower
than in the local aboveground vegetation plots (P=0.001). This was however not the case
for the flat terrain habitat (Figure 3.3a), where belowground diversity was even significantly
higher (P=0.017). The number of species per plot that did occur in the soil spore bank
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Figure 3.3: Differences in species diversity (average number of species per location) between the
aboveground vegetation (in 5 m surrounding the sampled spot) and the various soil layers. Figure (a):
flat terrain habitat, figure (b): trench habitat (not sampled below 5 cm depth). Black = aboveground
vegetation, light gray = soil at 0-5 cm, dark gray = soil at 7.5-12.5 cm, white = soil at 15-20 cm. See
Table 3.1 for forest acronyms.

and was absent from the local vegetation, was low for the trench habitat (on average 0.2
species/plot), but significantly higher for the flat terrain habitat (1.4 species/plot; P<0.001).
Interestingly, our soil bank analysis yielded several species that have never been found
in the local vegetation. Considerable numbers of individuals of T. palustris were found
in soil samples from each forest, while this species is absent from the vegetation in the
Bremerbergbos and Reve/Abbertbos and very rare in the Voorsterbos (Table 3.4). Furthermore, Asplenium ruta-muraria was never found in either the Voorsterbos or Bremerbergbos, B. spicant has been reported for the Voorsterbos but only as a single individual, P.
aculeatum was new for the Bremerbergbos and was found only on a single occasion in the
Reve/Abbertbos, P. connectilis is a new species for the Reve/Abbertbos. All species found
in Kuinderbos samples currently have populations in that forest.

Discussion
Fast development of a significant spore bank
The densities of fern spores in the soils of the young forests under study are high compared
with those in open terrain (During & Ter Horst 1983; Leck & Simpson 1987; Simabukuro
et al. 1999), but low compared with well-developed temperate or tropical forests (Dyer &
Lindsay 1992; Ranal 2003). It shows however that a reservoir of fern spores, of sufficient
size to be of major importance for the (re-)establishment of species and genetic diversity
in local plant communities, can develop in a (nearly) virginal soil within decades after a
large disturbance event. Well developed spore banks may store a high amount of genetic
variation (Schneller 1998) and can be a source of haplotypes that were present in the past
but disappeared from the aboveground vegetation (Morris et al. 2002). This results in a
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considerable potential for the formation of genetically different gametophytes, and thus a
potential to maintain high outcrossing rates in local populations (Wubs et al. 2010).
The Reve/Abbertbos and Voorsterbos showed a larger spore bank size than the other two
forests. The latter two forests were sampled one year before the others, but a time effect
could be excluded based on additional samples taken in 2010 (5 random locations per forest,
data not shown). These showed exactly the same quantitative variation. As abundances did
not relate to polder or forest age, and the most encountered species (A. filix-femina, D. filixmas) have numerous large source populations throughout the country, we are not able to
explain this large difference.
Surprisingly, tens of viable spores, of several different species, were still found in
the sea-bottom sand underneath the humus-rich layers (deepest layer in Kuinderbos and
Voorsterbos, middle and deep layer in Reve/Abbertbos and Bremerbergbos). These must
either already have been present in the sea-bottom of the former Zuiderzee, have been dispersed into the wetland area shortly after polder reclamation, or must have been moved out
of the top layer by vertical transport in a later stage. The first option cannot be excluded,
since in 2008 we retrieved several viable spores of T. palustris from samples taken from the
former sea soil at a depth of 0.5 m in the IJsselmeer lake bottom (De Groot et al. 2011;
Chapter 2). Fern spores thus might survive for decades in submerged sea bottom sediment.
This is however not the most likely option, as most viable spores will have been present in
the top layer, which after polder reclamation was moved to a depth of at least 30 cm by soil
ploughing. Vertical transport over considerable distances has been reported (Van Tooren
& During 1988), but may be relatively rare (During & Ter Horst 1983). We therefore assume that nearly all of these spores arrived in the period when this particular layer was at
the soil surface, from the moment that the drained soil was ploughed until a new layer of
humus covered the forest soil. Fern sporophytes were rare in the wetlands that occupied
the polder areas during most of this period (Feekes & Bakker 1954; Clevering & Van der
Toorn 2000), but all species present in deepest layer had potential source populations on the
nearby mainland.
The fact that densities of viable spores strongly increased towards the top layer of the
soil is much less surprising. It is likely due to the fact that local sporulating populations
established only since the plantation of the forest, and thus only added spores to the current
humus-rich top layer. The same gradient in abundance has, however, been observed regularly in other studies on diaspore banks (Leck & Simpson 1987; Hamilton 1988; Schneller
1988; During 1997) and can often be attributed to limited spore longevity and occasional
downward transport of spores. Spore germination rates and gametophyte development
might decrease with age (Smith & Robinson 1975). Indeed our gametophytes from the
deepest layer were smaller and paler, and seemed less capable of sporophyte production.
This shows the importance of gametophyte identification, as samples from deeper layers
yield information on past species composition. It also suggests that (re-)establishment of
populations from these deep layers is less likely, which has important consequences for the
recovery potential of pteridophyte vegetations after disturbances.
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Table 3.4: Overview of fern species of which one or more individuals were recorded between 1979
and 2010 in the four forests under investigation. Abundances are indicated using three categories:
1 = a single individual, 2 = single location with several individuals, 3 = on several locations in the
forest, 4 = fairly common to common. An asterisk (*) indicates that the species has been recorded
but is nowadays no longer present. Rare = rare species in the Netherlands (yes or no), R = species on
Dutch list of threatened plants, P = species protected under Dutch law (Van der Meijden, 2005). Presence data were compiled from personal inventories of the authors, existing literature (Bremer, 1986
a+b, 1988a+b, 1991, 2005, 2007; Bremer and Koopman, 1994) and available databases (FLORBASE
database; Waarneming.nl database). See Table 3.1 for forest acronyms.
Species name
Asplenium adiantum-nigrum
Asplenium scolopendrium
Asplenium trichomanes s.l.
Asplenium viride
Athyrium filix-femina
Blechnum spicant
Cystopteris fragilis
Dryopteris affinis
Dryopteris carthusiana
Dryopteris cristata
Dryopteris dilatata
Dryopteris filix-mas
Gymnocarpium dryopteris
Gymnocarpium robertianum
Matteuccia strutiopteris
Oreopteris limbosperma
Osmunda regalis
Phegopteris connectilis
Polypodium interjectum
Polypodium vulgare
Polystichum aculeatum
Polystichum lonchitis
Polystichum setiferum
Pteridium aquilinum
Thelypteris palustris
Ophioglossum vulgatum
No. of species ever recorded:
No. of species present in 2010:

KB
1*
4
3
1*
4
1
3
3
4
3
4
4
4
2
1
1
2
3
1*
3
3
1
3
3
3
2
26
23

VB
0
3
0
0
4
1
0
3
4
3
4
4
1
0
3
0
0
0
0
3
3
0
3
0
1
3*
15
14

BB
0
3*
0
0
4
0
0
1
4
0
4
4
0
0
0
0
0
0
0
0
0
0
1*
0
0
3
8
6

RA
0
3
1*
0
4
0
1*
3
4
1
4
4
2
0
3
0
0
0
0
3
1
0
1*
0
0
3
15
12

Rare?
yes (P)
yes (P)
yes (P)
yes (R,P)
no
yes (R)
yes (R,P)
yes
no
yes
no
no
yes
yes (R,P)
no
yes
yes
yes
yes
no
yes (R)
yes (R)
yes (R)
no
no
yes
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Table 3.5: Fern species found in the aboveground vegetation in the surrounding 5 meters of the
locations were soil samples were taken. Presence is shown per habitat per forest. S = living sporophyte
present in the vegetation; - = species not present. Gametophytes were not recorded. D. filix-mas s.l.
includes individuals of both D. filix-mas and D. affinis. See Table 3.1 for forest acronyms.
KB
Species name:
Asplenium ruta-muraria
Asplenium scolopendrium
Dryopteris filix-mas s.l.
Dryopteris carthusiana s.l.
Dryopteris dilatata
Polystichum aculeatum
Gymnocarpium dryopteris
Phegopteris connectilis
Athyrium filix-femina
Thelypteris palustris
Blechnum spicant
No. of species per category:
Total no. of species per forest:

T
S
S
S
S
4

VB
F
S
S
S
S
S
S
6

6

T
S
S
S
3

BB
F
S
S
S
3

3

T
S
S
S
S
4

RA
F
S
S
S
S
4

4

T
S
S
S
S
4

F
S
S
S
S
4
4

Genetic tools for gametophyte identification
The presence of two independently living generations in the life cycle of ferns brings along
highly interesting questions for ecologists and population geneticists studying spore banks,
since fertilization occurs only after dispersal and germination and the soil bank thus functions as source of future gametes (Schneller 1998). However, since the haploid gametophytes that arise after germination are small and simple, and thus lack the morphological
complexity necessary for morphology-based identification (Schneller 1975; Cousens 1979,
1981), studies on the composition of natural soil banks of viable spores are difficult. Some
different categories might be recognized based on the abundance, position and shape of trichomes (Stokey 1951), but little is known about the taxonomic consistency of these characters. Identification below genus level is nearly impossible, especially in large and common
European genera such as Dryopteris (J.J. Schneller, pers. comm.). Several authors categorized gametophytes based on the only character known to be taxonomically consistent: the
presence or absence of trichomes (Schneller 1988; Dyer & Lindsay 1992; but see Hock et
al. 2006). Most other authors simply scored gametophyte densities and based statements
about species composition solely on developed sporophytes (e.g. Leck & Simpson 1987;
Ranal 2003; Flinn 2007). We scored densities of trichomatous and non-trichomatous gametophytes and identified all developing sporophytes. Additionally, however, we applied DNA
barcoding in order to get more information on the species composition in the gametophyte
stage (Chapter 2). We are the first to apply this molecular tool in a study on natural plant
diaspore banks.
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Identifying all gametophytes in the samples by means of DNA barcoding is at the
moment no option due to financial limitations. However, DNA-based identification of a
limited subsample of gametophytes already allowed us to assess the relative abundance of
species in the spore bank and to test whether somehow part of these species did not develop
sporophytes in the cultures. The experimental setting can be expected to strongly favour
fertilization of self-compatible species, since cross-fertilization requires the presence of two
gametophytes of the same species within a distance that can be covered by a continuous film
of water. Especially when gametophyte densities are low, the species composition of the
sporophyte stage might thus be strongly skewed towards self-compatible species compared
with the composition of the soil spore bank which it was expected to represent. This effect
was shown in our experiment by the relative abundances of D. dilatata and D. carthusiana
in samples from the Voorsterbos: DNA barcoding suggested an equal presence of the two
species among gametophyte samples, while D. carthusiana was much more abundant as a
sporophyte. Self-fertilization is common in D. carthusiana, but very restricted in D. dilatata
(Barker & Willmot 1985; Seifert 1992; Flinn 2006).
Many of the gametophytes in all samples turned out to be non-trichomatous. The potential number of species in this category is limited. Approximately 37 out of the 48 British fern
species with green, surficial gametophytes have trichomes on their prothalli (Dyer & Lindsay 1992). Four Dutch species have no (A. filix-femina, Pteridium aquilinum (L.) Kuhn and
Matteucia struthiopteris (L.) Tod.) or extremely few (B. spicant) trichomes (Lloyd 1971;
Dyer & Lindsay 1992; Schneller 1998). Athyrium filix-femina is by far the most abundant of
these species, and indeed all non-trichomatous gametophytes that we have DNA-barcoded
(N=46) were identified as A. filix-femina (De Groot et al. 2011; Chapter 2 and 7). We therefore assumed that the large numbers of T- gametophytes in our samples represent individuals
of A. filix-femina. This result is in line with the sporophyte data.
Relations between below- and aboveground diversity: limitation by habitat availability
rather than dispersal?
We found several species which are very rare in the Netherlands (A. ruta-muraria, B. spicant, G. dryopteris, P. connectilis, P. aculeatum). Moreover, some of them were found in
the soil of forests in which they were never or are no longer present in the vegetation. For
these species, nearby source populations were sparse and at least tens of kilometres away.
The fact that they were still able to reach the polders in high enough quantities to show
up in our samples, suggests that dispersal capacities are high and considerable amounts of
spores may reach newly created areas within limited time. Dispersal limitation thus does
not seem to be the main factor limiting colonization success, at least not at larger scales (in
this case forests). For many species, colonization might rather be limited by possibilities for
establishment.
After long-distance dispersal, fern establishment can be limited either by unsuitability of the (a)biotic environment for germination, growth and survival of gametophytes and
sporophytes, or by problematic mating due to lack of possibilities for intergametophytic
fertilization (Flinn 2006). In our study, all species that were found in the forest soil bank
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but not in the local vegetation are known to be well capable of self-fertilization on a single
gametophyte (i.e. intragametophytic selfing; Cousens 1979, 1981; Schneller 1996; Pangua
et al. 2003; De Groot 2007). The observed differences in above and belowground species
diversity thus are not easily explained from selfing capacities, although not all genotypes of
a species necessarily have equally high selfing potential (Wubs et al. 2010). Instead, the
results suggest variation in habitat conditions within the investigated forests to be of major
importance. Both the density of viable diaspores and species diversity of the soil spore bank
were significantly higher at the flat terrain than at the trench walls. The opposite is true for
the aboveground species diversity. As a result, species diversity at the flat terrain was higher
in the soil than in the vegetation, while the trench wall vegetation was more diverse than the
soil bank directly below it. For at least some of the species, the trench habitat thus seems
to be more suitable for establishment than the flat terrain, while the trenches are clearly not
functioning as a sink for fern spores. Vegetation inventories (Table 3.5) showed that a number of the (more common) species occur in the trenches as well as on the flat forest floor,
while in the Kuinderbos additional (rare, calcicole) species occur, which almost exclusively
appear on the trench walls. Inventories of Bremer (1980, 2007) already showed that many
of the rare species unique for the Kuinderbos have a preference for the trench walls, and
that the aboveground species diversity in the Kuinderbos is much higher in the trenches
than in between. Trenches in the Kuinderbos are by far the deepest (Table 3.1) and have
much steeper slopes, which leads to increased soil erosion, regularly creating small open
patches, where both the moss vegetation and the organic soil layer are temporarily removed
and the underlying calcareous sand creates a proper micro-environment for calcicole fern
species normally found mainly on rocks, ravine woodlands or urban walls (Bremer 2007).
This, rather than a relatively high forest age or any special edaphic condition, seems the best
explanation for the much higher diversity of fern species in the Kuinderbos.
Co-limitation at small scales: windows of opportunity for establishment
A dependence of establishment on small and temporal windows of opportunity (’safe sites’)
created by local disturbances, like trench wall erosion, has previously been suggested by
Werth & Cousens (1990). Apart from numerous anecdotal reports, germination experiments on disturbed and undisturbed soil by Flinn (2007) provided some experimental evidence. When a very diverse spore bank is present, disturbances may create open patches
with temporarily reduced interspecific competition and thereby provide an opportunity for
new species to colonize (Økland et al. 2003). For one of the polder forests Bremer (2010)
showed that the creation of artificial gaps allowed the colonization of a variety of fern
species previously not present in the local vegetation. Apparently, spores were available
but establishment was limited for these species until the moment of disturbance. Exact
conditions are however important, as Rydgren et al. (1998) reported recruitment of A. filixfemina, G. dryopteris and P. connectilis to be limited after soil disturbance in a boreal forest,
whereas these species were abundant in the soil bank.
Dependence on a temporal presence of suitable establishment conditions will, however,
also increase the risk of temporal spore limitation. Even when spores do arrive at a cer-
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tain location, a lack of ability to produce a persistent spore bank might limit establishment.
This can be either because the species is temporarily absent at the exact moment suitable
conditions become available, or because few spores are present and more abundant species
win the competition between establishing sporophytes (as previously described for A. filixfemina). Although soil samples inevitably cover only a very small part of the total spore
bank, the absence of Asplenium scolopendrium, D. dilatata and P. aculeatum in our samples from 20 locations in the Kuinderbos is remarkable given their abundance in the forest
understory. Not much is known about the ability of these species to produce a persistent
spore bank, although we have some indications that viable spores of P. aculeatum are indeed rare even in the soil directly underneath a large population (Chapter 7). Their absence
in our samples at least shows that spores will not necessarily be present at every available
micro-site. Most spores end up within meters from a sporulating fern population, especially
for the species that grow in the trenches, where wind speed is very low. At fine scales,
spore availability might thus still limit abundances. In ephemeral habitats, the extent of this
limitation will depend on species-specific traits, like spore longevity, germination rates and
breeding systems (Flinn 2007). Higher spore densities are required when at least part of the
spores is incapable of self-fertilization (i.e. genotypic spore limitation).
Interestingly, large sporophytes of A. scolopendrium and P. aculeatum can occasionally
be found even on flat forest floor in forests with more acidified soils (own observations).
Intraspecific variation in habitat preferences between colonizing genotypes is one possible
explanation. More likely however, small disturbances (e.g. by animals) change the local
topography and/or soil chemistry, and create temporary suitable micro-sites in an otherwise
unsuitable environment. The fact that these ferns do occur in these forests suggests that
even at small scales establishment conditions rather than availability of spores may often be
limiting, as spore availability seems high enough to allow colonization of such temporarily
available micro-sites. In de polder forests, however, these species seem to colonize the flat
terrain (almost) exclusively in the vicinity of large populations on a trench wall.
Conclusions and implications
Our results show that large and diverse spore banks can build up within decades after a
major disturbance results in a (nearly) empty system. This suggests that fern spore rains are
both dense and diverse in species, at least for the Dutch polders. Moreover, the presence of
several rare fern species in the spore bank of the young polder forests suggests that even the
arrival of fern spores by long-distance dispersal might not be a rare event. The same was
suggested recently by Shepherd et al. (2009) based on the repeated arrival of Asplenium
hookerianum Colenso on a remote oceanic island. The apparent capacity of rare species
to reach remote sites by means of long-distance dispersal, together with the fact that in the
Dutch polders a considerable number of these species was present in the spore bank but did
not establish in the vegetation, suggests that for many ferns habitat suitability, rather than
dispersal, may limit colonization. For several rare ferns in The Netherlands, colonization
seems to depend on the availability of very specific abiotic conditions, in combination with
frequent disturbance. Forest trench walls and natural stream banks with frequent erosion
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provide such circumstances.
However, the relative importance of factors limiting local diversity likely varies with
spatial scales (Münzbergová & Herben 2005). The apparently suitable habitats mentioned
above in fact consist of a fine-scaled network of ’safe sites’ for establishment (Cousens et
al. 1988), which are only temporarily available. The presence of a local spore reservoir
allows species to take rapid advantage of these opportunities for establishment. Our results
show that for many species such a reservoir of spores can establish within decades. Since
fern spores are generally long-lived, for most species colonization of habitat patches may
not be limited by dispersal. Spores will at least be available at part of the available microsites. However, especially for species without a persistent spore bank or with insufficient
potential for self-fertilization, incidental long-distance immigration will be insufficient to
provide viable spores at all such sites, thus limiting their abundances at fine scales. Our
direct study of local spore availability therewith reinforces conclusions from correlative
studies (Richard et al. 2000; Karst et al. 2005) that species distributions at larger scales
will depend on the availability of suitable habitat patches, while determinants are more
complex at small scales. We hypothesize that a combination of restricted availability of
suitable micro-sites and an occasional lack of spores will determine distribution patterns
within suitable habitat patches.
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Abstract
Studies on the biogeography and population genetics of widespread European rock ferns Asplenium scolopendrium, Asplenium trichomanes ssp. quadrivalens, Polystichum setiferum
and Polystichum aculeatum, would potentially yield interesting new insights into the colonization capacities of ferns. Markers with sufficient resolution for detailed genetic studies
are, however, not yet available.
Using genome screening with inter-simple sequence repeat (ISSR) primers, a total of 16
different microsatellite markers were isolated and characterized for the four species. Some
of these markers could be exchanged within each congeneric pair.
The developed primer sets will be very useful for analyses of the biogeography and
population genetics of some widespread calcicole ferns. The observed cross-amplification
rates suggest a high potential for application on additional species from the same genera.

Introduction
A considerable number of fern species in Europe are calcicoles: ferns with relatively restricted habitat requirements that live on base-rich, often rocky, soils (Vogel et al. 1999c).
Some of these species are widespread throughout Europe, but because of their specialized
preferences they are common in some (mountainous) areas and rare in others. Typical examples are Asplenium scolopendrium L., Asplenium trichomanes L., Polystichum setiferum
(Forssk.) Moore ex Woynar and Polystichum aculeatum (L.) Roth. All four species are
abundant in the mountainous areas of Europe (except in Scandinavia), but in lowland areas
like the Netherlands mainly occur on city walls.
Populations are mostly small and scattered, either because of limited availability of suitable habitat (Vogel et al. 1999c) or because of limited potential for dispersal and/or establishment (Wild & Gagnon 2005). Fern spores are small, however, and can easily reach
distant patches, where establishment might be limited by low potential for self-fertilization
(Chapter 5). For these reasons, European calcicole ferns are highly interesting for biogeographical studies as well as for population genetic studies, which can yield interesting
insights into the factors that determine the dispersal and establishment capacities of fern
species.
Although some genetic studies using isozymes have been performed for A. scolopendrium (Wubs et al. 2010) and different subspecies of A. trichomanes (e.g. Vogel et al.
1999c), high-variability markers, which might reveal more detailed information on the local
population genetics of these species and their presumed selfing strategy following colonization, are lacking. To our knowledge, genetic studies on populations of P. setiferum and
P. aculeatum have not yet been conducted. Here we report the development and characterization of the first sets of microsatellite markers for Asplenium scolopendrium (ASPS),
Asplenium trichomanes subsp. quadrivalens (ASPT), Polystichum setiferum (POLS) and
Polystichum aculeatum (POLA). A. scolopendrium and P. setiferum are diploid species,
their respective congeners are allotetraploids.
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Methods and Results
For each species DNA was extracted from fresh material using GenElute™ Plant Genomic
DNA Miniprep kits (Sigma-Aldrich Co., St. Louis, USA). We performed genome screening
with inter-simple sequence repeat (ISSR) primers to amplify genome regions rich in microsatellites, following a slightly modified version of procedure B from Korpelainen et al.
(2007). Twelve PCR reactions, each with a single and different ISSR primer (Korpelainen
et al. 2007), were performed per species. Unpurified PCR products containing several
well-amplified fragments were used as template for cloning using the TOPO TA Cloning
kit (Life Technologies, Carlsbad, California, USA). Positive clones were selected and transferred to 30 l double-distilled water. DNA amplification with M13F/R primers (Biolegio,
Nijmegen, The Netherlands) was conducted after Korpelainen et al. (2007). More clones
were selected and amplified until all visibly different ISSR fragments from the cloned template had been obtained as a separate product. Between 25 and 50 obtained fragments per
species were purified and sequenced (either by Eurofins (Hamburg, Germany) or Macrogen
(Seoul, Korea)). Of these, 27% to 69% per species contained a simple or complex mono- or
dinucleotide repeat for which primers could be developed using OligoCalc (Kibbe 2007).
Additionally, a specific primer set was developed for a known polymorphic repeat in the
trnL-trnF intergenic spacer (cpDNA) of both asplenioids (De Groot et al. 2011a; Chapter
2). One of the developed primers per marker was labelled with a fluorescent dye (FAM-6
or HEX) for polymorphism detection using a standard PCR protocol and a capillary DNA
sequencer (ABI 3730, Life Technologies, Carlsbad, CA, USA) with ROX-500 (Life Technologies, Carlsbad, CA, USA) internal lane standard.
There was considerable scope for cross-amplification between the two asplenioids
(>75% of the loci), as well as between the two polystichoids (>65% of the loci). Difficultto-interpret banding patterns and presence of null alleles, however, reduced the number of
loci that proved useful in both congeneric species. An overview of exact success rates of
genome screening and the amplification and polymorphism of the repeats per species is
presented in Table 4.1. A total of three markers was finally developed from material of A.
scolopendrium; for A. trichomanes subsp. quadrivalens, P. setiferum and P. aculeatum respectively six, three and four markers were designed. Repeat motifs and primer sequences
of each of these 16 final markers can be found in Table 4.2. Five loci could be amplified
and analysed in the congeneric species. Three of them worked only in the congener, two
were useful for both species. As a result, a total of four or five markers is now available
per species (Table 4.3). Optimal annealing temperatures of cross-amplifying markers sometimes differed between species.
Interestingly, marker development appeared slightly more effective in the allotetraploids
species (Table 4.3), but as a result of cross-testing the final number of useful markers per
species was actually higher in the diploid species. In addition, various markers developed
for the tetraploid species did not give proper results for the original species, but did work
in the congeneric species. This contradiction might be the result of the larger genomes of
the tetraploids, resulting in a higher number of ISSR-products, but also a higher number
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of amplification products for the developed primer sets, causing non-interpretable banding
patterns.
To test for polymorphy and potential variation (Table 4.3), we used samples of two populations per species from a Dutch polder forest (Kuinderbos, Flevoland, The Netherlands;
52.8°N; 5.8°E) and per species added at least 25 herbarium samples from locations all over
Europe (Appendix III). Microsatellite scoring is often problematic in polyploids because
it is difficult to assess which alleles occur in more than one copy (Esselink et al., 2004).
For loci of the tetraploid species (Asplenium trichomanes subsp. quadrivalens, Polystichum
setiferum) we therefore analyzed levels of marker variability as if they were dominant markers, by distinguishing between amplification variants (AV) and distinct banding patterns
(BP) per locus (Andreakis et al., 2009). For the diploid species (Asplenium scolopendrium,
Polystichum setiferum) Table 4.3 presents the number of alleles and observed heterozygosity per locus. The tested Kuinderbos populations of all four species concern very recent
colonizations and are expected to be highly inbred. Results of tests of Hardy-Weinberg
equilibrium and linkage disequilibrium were therefore considered not to be useful as a test
of marker performance and are instead presented in Chapter 6 (population genetics).

Table 4.1: Overview per species of the success rates of the developmental process. Amplification
success and polymorphism are given for the species in which the repeat was first discovered, as well
as for its relative. ASPS = A. scolopendrium, ASPT = A. trichomanes subsp. quadrivalens, POLS =
P. setiferum, POLA = P. aculeatum.
Success in original species
Success in congeneric species
Cloning Sequenced Microsatellite Well-amplifying Useful poly- Well-amplifying Useful polySpecies: reactions: products:
repeats:
loci:
morphic loci:
loci:
morphic loci:
ASPS
10
26
18
14
3
10
0
ASPT
13
49
13
10
4
5
2
POLS
15
42
14
10
3
7
2
POLA
12
30
10
7
3
6
1
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Table 4.2: Characteristics of 16 microsatellite loci, developed for four fern species. The first two
characters of the locus name indicate the species for which the locus was originally developed: AS=
A. scolopendrium, AT= A. trichomanes subsp. quadrivalens, PS= P. setiferum, PA= P. aculeatum.
Some markers do, however, work in two species, as indicated in the second column (species acronyms
as in Table 4.1). Repeat motif, original size of the fragment for which primers were developed, primer
sequences and GenBank accession numbers are given for each locus. Loci known to be located within
the cpDNA are indicated with an *.
Locus Useful
name: marker for: Repeat motif:
AS4N ASPS
(CT)4 ···(CT)9

Original
size (bp): Primer sequence (5’to 3’):
169
F: GCCTGCTCAGTCTCTCCTTT
R: TTACGGGATCATTGTGTGTG
(TC)13
161
F: AGCAATGGCAGAACCTTCATGG
R: GTGTGCACAGACACACGTTCACAC
(C)10
114
F: CAGGCTTTTAACACGCATGA
R: GTCAAGCCGTGGATCTCAAT
(C)13 (T)8
151
F: GCTTTTAACACGCGTGACTG
R: CTCGGCCAACTCATTTAAGG
(CT)26
124
F: TCTCTCTCTCTCGGCTGGG
R: AGGCACAGTGATCACCCATT
(GA)6 ···(A)7(T)11 196
F: GACAACCTCTCACGCATCTT
R: CTACAGGTCTGCCACAGGAG
(GA)2 1
368
F: AGGCCRTGTCTTACAGCARTG
R: CAGGTTTCAGTGTCCAACCA
(TC)3 -GC-(TC)4 ··· 171
F: ATTGTTCTCACGAAATCCGTCT
(CT)2 -GT-(CT)4
R: GAAAGAGATTGTGTCACCGAAC
(A)10
160
F: CAAACGATATGCCAAGGTTGTA
R: ACCCCCACCATAGCTTACTTCT
(TC)7 ···(TC)4
191
F: TGCTACAGAATCCCATAACG
R: GAGAGAGAGAGAGAGACCTAGAGAG
(GA)21
191
F: AGACGAGAGAGCGTGTGTCA
R: CACTCTCTCTAAATGATTTGGTCGT
(GA)14 ···(AG)12
154
F: GAGCAACCACCCCTGTAAATAG
R: TGGAATACCTTGGCATACTTCA
(CT)7 -(C)3 -T-(C)5 147
F: GCGGAGCCGTAGAGGTAAT
R: AGAGCCGAATCAGTTGAAGG
(AG)5 -TC-(AG)7
188
F: CAGAGTTGTTGGCTGTTGGA
R: TGTGCTACTAGGCCCAGCTT
(GA)22
201
F: CSCCCTGBRGGSTGWTATGT
R: GGCAACAGAGAACGGAGAAA
(CA)8 -AA-(CA)3 ··· 240
F: TGCAGAAAGTGCAAAGAAAGAG
(CT)5
R: AGGTGGGTTTTGTGTTTAGGTG

GenBank
accession:
HQ999982

AS7

ASPS

HQ999983

AS9*

ASPS

AT1*

ASPT

AT3

ASPT

AT5

ASPS

AT8b

ASPT

AT10

ASPS

AT12

ASPT

PS3

POLS

PS5
PS9

POLS,
POLA
POLS

PA3

POLS

PA4

POLA

PA5b

POLA

PA6

POLS,
POLA

HQ676518
AY549870
HQ999984
HQ999985
HQ999986
HQ999987
HQ999988
HQ999989
HQ999990
HQ999991
HQ999992
HQ999993
HQ999994
HQ999995
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Table 4.3: Results of variation screening, based on data sets per species containing samples of two
populations from the Dutch Kuinderbos (n=10 per population) and a number of samples from all
over Europe. Cross-amplified loci are given in italic text. N: total number of genotyped samples.
For diploid species, the total number of alleles (A) and observed heterozygosity (Ho ) are given; for
tetraploids, the number of amplification variants (AV) and the number of distinct banding patterns
(BP) are given. Species acronyms as in Table 4.1.
Species
ASPS

ASPT

POLS

POLA

Locus
AS4N
AS7
AS9
AT5
AT10
AT1
AT3
AT8b
AT12
PS3
PS5
PS9
PA3
PA6
PA4
PA5b
PA6
PS5

Ta (°C)
50
60
60
50
60
60
50
52
60
60
55
60
60
55
60
55
60
55

N
55
61
55
58
61
69
51
51
66
51
47
40
55
51
48
43
47
41

Size range (pb)
167-175
161-189
110-113
193-199
169-175
152-158
120-156
360-380
158-166
189-193
181-195
122-196
147
232-250
194-202
195-215
234-240
183-205

A
5
11
4
7
5

Ho
0.11
0.23
0.06
0.13

AV

Notes
fixed peak at 152bp
locus from cpDNA

7
10
7
5
4
8
14
1
7

BP

7
10
15
7

0.04
0.43
0.23
0.22

locus from cpDNA

fixed peak at 212bp
monomorphic
5
11
4
9

9
20
6
17

fixed peak at 186bp

Conclusions
The developed primer sets will be very useful for analyses of the biogeography and population genetics of some widespread calcicole ferns in Europe. There seems to be a great
potential for cross-amplification of the developed markers in additional taxa. Since crossamplification success was high even in two relatively distant members of the Aspleniaceae,
overlap with more taxa within this large and common family is very likely. Even more
likely would be cross-amplification in their parent species: markers for A. trichomanes
subsp. quadrivalens might amplify in the subspecies trichomanes and inexpectans. Likewise, markers for P. aculeatum might also work on P. lonchitis. Further testing will be
needed to assess these possibilities. The availability of a combination of uniparentally
(cpDNA-based) and biparentally inherited microsatellite markers results in good opportunities for detailed genetic studies assessing mating strategy, hybridization, introgression, or
historical biogeography of fern species (Harbourne et al. 2005). This will be especially
useful in the asplenioids and polystichoids, which both have a long history of hybridization.
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Abstract
Previous studies on the reproductive biology of ferns showed that mating strategies vary
between species, and that polyploid species often show higher capacity for self-fertilization
than diploid species. However, the amount of intraspecific variation in mating strategy and
selfing capacity has only been assessed for a few species. Yet, such variation may have
important consequences during colonization, as the establishment of any selfing genotypes
may be favoured after long-distance dispersal (a phenomenon known as “Baker’s law”).
We examined intra- and interspecific variation in potential for self-fertilization among
four rare fern species, of which two were diploids and two were tetraploids. Sporophyte production was tested at different levels of inbreeding, by culturing gametophytes in isolation,
as well as in paired cultures with a genetically different gametophyte. We tested genotypes
from populations in a recent forest colonized through long-distance dispersal (Kuinderbos,
the Netherlands), as well as genotypes from older, less disjunct populations.
Sporophyte production in isolation was high for Kuinderbos genotypes of all four species.
Selfing capacity did not differ significantly between diploid and polyploid species, nor between species in general. Rather selfing capacity differed between genotypes within species.
Intraspecific variation in mating system was found in all four species. In two species one
genotype from the Kuinderbos showed enhanced sporophyte production in paired cultures.
For the other species, including a renowned outcrosser, selfing capacity was consistently
high.
Our results for four different species suggest that intraspecific variation in mating system
is likely to be common, at least among temperate calcicole ferns, and that genotypes with
high selfing capacity are present among polyploid as well as diploid ferns. The surprisingly
high selfing potential of all genotypes obtained from the Kuinderbos populations seems
to be due to the isolated position of these populations, each resulting from single-spore
colonization, which is only possible for genotypes capable of self-fertilization. Our results
suggest that selection for selfing genotypes is important during long-distance colonization,
even in normally outcrossing, diploid ferns.
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Introduction
In spite of its relatively infrequent occurrence, long distance colonization is of disproportionate importance to species range expansions (e.g. Cain et al. 2000; Hampe 2011). Longdistance colonization requires plant species to possess a distinct set of capabilities, not only
related to the dispersal of propagules over large distances, but also to plant and population
establishment upon arrival. This involves diaspore characteristics, as well as plant ontogenetic and morphological traits and reproductive strategies. Genotypes possessing these
capabilities will have a selective advantage over other genotypes when colonizing new and
isolated habitats. This advantage is becoming more important in a world increasingly under
the pressure of climate change and fragmentation of natural habitats (Svenning & Condit
2008).
Various studies on plants and animals have shown that individuals with higher dispersal
capacities tend to be found with greater frequency towards species range limits (Thomas et
al. 2001; Darling et al. 2008) and that these enhanced capacities tend to have a genetic
basis (Hanski et al. 2004). Likewise, inbreeding rates often increase towards range margins (Arnaud-Haond et al. 2006). This might partly be due to genetic isolation and small
population sizes (Hoffmann & Blows 1994), but can also be explained by reproductive assurance (Lloyd 1992). As colonization of vacant patches near range limits of a species will
often depend on rare events of diaspore arrival through long-distance dispersal (e.g. Hampe
2011), mate limitation is likely high (Nathan 2001) and colonization success may strongly
depend on self-fertilization. For this reason, Baker (1955, 1967) suggested that establishment of selfing individuals will be strongly favoured after long-distance dispersal. Baker’s
law (Stebbins 1957) states that long-distance colonization may therefore result in selection
for individuals with high self-fertilization potential. As a result, plants in young populations
near a species’ range limit sometimes show relatively low self-incompatibility (Darling et
al. 2008). However, whether such selection occurs and how long this effect remains visible
in the populations after initial colonization, depends on the dominant mating strategy, as
well as the intraspecific variation in mating strategy present in the species investigated (e.g.
Jain 1976). Selection for genotypes capable of self-fertilization will not occur in species
that lack any intraspecific variation in mating strategy. Moreover, the overrepresentation of
selfing genotypes may be reduced with time since colonization as a result of inbreeding depression (Jain 1976): the reduced success of inbred progeny due to the expression of genetic
load (i.e. recessive deleterious alleles).
In ferns, which alternate between two free-living generations (gametophyte and sporophyte), sexual reproduction takes place on the functionally haploid gametophyte (for details
on the fern life cycle see Figure 1.3). After a spore has reached a suitable habitat patch and
has germinated, fertilization of the gametophyte is required for sporophyte establishment
(Dassler & Farrar 2001). In homosporous ferns, gametophytes have the potential to become
male, female or bisexual. Sexual status typically varies between individuals and depends
both on genetic factors and environmental conditions (Raghavan 1989). The possibility of
producing hermaphrodite gametophytes allows for self-fertilization of a single gametophyte
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(i.e. intragametophytic selfing (Klekowski 1973)). This potential is of particular importance
for fern colonization, as very limited gamete dispersal distances result in strong mate limitation. This strongly limits options for cross-fertilization as long as no local spore sources
are present (Peck et al. 1990; Flinn 2006). Long-distance colonization thus seems primarily dependent on reproduction via single spores, through intragametophytic selfing (Peck
et al. 1990). This type of reproduction represents, however, an extreme case of inbreeding. In diploids, it produces sporophytes that are homozygous at all loci, and thus results
in the direct expression of any genetic load. This can severely hamper the fitness of inbred
sporophytes (Klekowski 1979). Gametophytes of polyploids can have multiple alleles at
any locus, which allows the maintenance of (fixed) heterozygosity and can thus prevent the
expression of deleterious alleles even after intragametophytic selfing, making the effects of
inbreeding depression less pronounced. For that reason, polyploid species generally show
enhanced selfing capacities, and higher population inbreeding rates (Masuyama & Watano
1990).
Fern mating systems can be studied experimentally using breeding experiments
(Klekowski 1973). Such experiments compare sporophyte production by obligate intragametophytic selfing on isolated gametophytes with sporophyte production in paired cultures,
in which case also intergametophytic crossing is possible (or intergametophytic selfing, if
the second gametophyte originates from the same parent sporophyte (Klekowski 1979)).
Ferns generally seem to lack genetic self-incompatibility mechanisms (Klekowski 1972),
but unsuccessful self-fertilization can be caused by a failure of the gametophyte to become
bisexual, unsuccessful transport of spermatozoids to the female reproductive organs, or the
presence of genetic load. Species differences in sex ratios, gametophyte morphology and
genetic load can therefore result in different types of mating strategies. Together with studies on observed genetic variation in fern populations, past breeding experiments suggested
that the mating strategies employed by fern species vary in a bimodal way: some species reproduce mainly by self-fertilization and others rely on obligate intergametophytic crossing
(Klekowski 1970, 1973; Soltis & Soltis 1990, 1992; Korpelainen 1996). However, some
species do show mixed mating systems (Soltis & Soltis 1987a, 1988), and by now some
studies have indicated that mating systems might even vary between different genotypes
within species (Peck et al. 1990; Suter et al. 2000; Wubs et al. 2010). This intraspecific variation is in line with the large variation in inbreeding rates observed among sites
in population genetic studies (e.g. Ranker 1992; Pryor et al. 2001). However, as breeding
experiments with multiple genotypes are very laborious, intraspecific variation in mating
strategy has only been assessed for a few species. Due to this lack of data, it remains largely
unknown to what extent selfing genotypes are also present in species previously described
as typical outcrossers, and how intraspecific variation in mating strategy differs between
diploid and polyploid species. Therefore, it is also unclear to what extent selection for
selfing genotypes, sensu Baker (1955, 1967), is a widespread phenomenon in ferns.
In this study, we simultaneously investigated inter- and intraspecific variation in mating strategy in four temperate fern species, including two diploid and two allotetraploid
species. We performed breeding experiments on several genotypes per species, determining
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the success of sporophyte production at different levels of inbreeding. In this way, we tested
whether intraspecific variation in mating system varied between species, whether genotypes
with high selfing potential are present in all four species, and whether selfing capacities and
overall mating strategies differed between diploid and polyploid species.
Most genotypes used were derived from young populations in the Kuinderbos, a planted
forest on Dutch polder land recently reclaimed from the sea. As the four investigated species
are all rare in the Netherlands, with nearest source populations located 30-350 km away,
the populations in the Kuinderbos must have established following long-distance dispersal
(Bremer 1980, 2007). Because such populations have likely established from single spores
(Peck et al. 1990), we hypothesized that the sampled genotypes have relatively high selfing
capacities. Selfing potential was, however, expected to be lower for the diploid than for
the polyploid species. We found surprisingly high selfing capacities for all Kuinderbos
genotypes of all four species, both compared to results for a few additional genotypes from
less isolated populations and compared to results from previous studies on the same species.
Here, we interpret our results in the light of Baker’s law, and suggest that selection for selfing
genotypes occurs across fern species with different ploidy levels.

Materials and methods
Study species and sampling strategy
Four calcicole fern species were selected which colonized various sites in the Kuinderbos,
but varied strongly in population size and minimal required dispersal distance prior to colonization. Polystichum setiferum (Forssk.) Moore ex Woynar is a diploid species, with
only a few colonization sites in the Kuinderbos. This forest lies at the northern edge of the
species’ geographical range and the nearest source population was located 250 km away
at the time of colonization (Bremer 2007). The allotetraploid Polystichum aculeatum (L.)
Roth has much more colonization sites in the forest, but must have dispersed at least 100
km before arrival at the Kuinderbos (Bremer, 2007). The other two species, Asplenium
scolopendrium L. (diploid) and Asplenium trichomanes subsp. quadrivalens D.E. Meyer
(allotetraploid), had source populations closer to the Kuinderbos. Nevertheless, their spores
must have covered >30 km to reach it (Bremer 2007). Locally, A. scolopendrium is by
far the most abundant of the rare species with numerous colonization sites in the forest.
Asplenium trichomanes subsp. quadrivalens is only present at three sites with about ten
sporophytes each.
In July 2008, spores were collected from plants at three sites per species in the Kuinderbos, which most likely represent different colonization events (Bremer 2007). Entire fertile
fronds were harvested of one plant per site. Additionally, spores were collected from one or
more populations at >200 km distance from the Kuinderbos. For the polystichoids, additional spores were collected from a plant obtained from a commercial grower. As some of
the collected fronds did not contain enough spores for the experiment, some of the sampled
genotypes eventually could not be used for the experiment. An overview of all used plants,
as well as their origin and applied code names, is presented in Table 5.1.
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Table 5.1: Code and origin of parent plants used to obtain spores. The number of individuals present
at the site where the plant was collected is given per plant. F: gametophytes used as focal individuals
(see text); NF: gametophytes used as non-focal individuals on paired dishes (inbreeding level II).
ASPS = Asplenium scolopendrium, ASPT = Asplenium trichomanes subsp. quadrivalens, POLS =
Polystichum setiferum, POLA = Polystichum aculeatum.
Species
ASPS

ASPT

POLS

POLA

a
b
c

Plant
AS1a
AS2b
AS3c
RC
AT1
AT2
Eck
B
PS1
PS2
BRS
PA1
PA2
PA3
SG
BRA

Focus
F
F
F
NF
F
F
F
NF
F
F
F / NF
F
F
F
F
NF

Locality
Kuinderbos, Flevoland, The Netherlands, site 1
Kuinderbos, Flevoland, The Netherlands, site 2
Kuinderbos, Flevoland, The Netherlands, site 3
Rue de Caster, Liège, Belgium
Kuinderbos, Flevoland, The Netherlands, site 1
Kuinderbos, Flevoland, The Netherlands, site 2
Eckelrade, Limburg, The Netherlands
Bromney Common, London, UK
Kuinderbos, Flevoland, The Netherlands, site 1
Kuinderbos, Flevoland, The Netherlands, site 2
Obtained from Henk Braam B.V., fern grower
Kuinderbos, Flevoland, The Netherlands, site 1
Kuinderbos, Flevoland, The Netherlands, site 2
Kuinderbos, Flevoland, The Netherlands, site 3
Schone Grub, Limburg, The Netherlands
Obtained from Henk Braam B.V., fern grower

Habitat type
Soil, on trench slope
Soil, on trench slope
Soil, on trench slope
Calcareous soil
Soil, on trench slope
Soil, on trench slope
Old garden wall
Old church wall
Soil, on trench slope
Soil, on trench slope
unknown
Soil, on trench slope
Soil, on trench slope
Soil, on trench slope
Calcareous soil
unknown

No. of ind.
206
328
262
>200
9
9
>50
>100
15
110
?
31
112
74
10
?

The same site was also sampled by Wubs et al. (2010), but plants differ.
Wubs et al. (2010) used the same parent plant in their study, with code KB-4.
Wubs et al. (2010) used the same parent plant in their study, with code KB-12.

The collected sporophytes of each species were analysed for genotypic variation, using microsatellite markers developed for these species (De Groot et al. 2011b; Chapter
4). Variation was assessed at four (species specific) loci per species, to check if the plants
used indeed represented different genotypes. Additionally, the analysis gave an indication
of the homozygosity of the sporophytes. This has important consequences for the interpretation of the results, as sib gametophytes originating from a homozygous parent will
be genetically identical. However, while inferring homozygosity is straightforward for the
diploid species, this is more difficult for allotetraploids. Allotetraploid sporophytes originating from intragametophytic selfing will be homozygous at homologous chromosomes
(those chromosomes that originate from the same progenitor), but can still contain variation
at homoeologous chromosomes (chromosomes that originate from different progenitors). In
ferns, which most often show a diploid pattern of inheritance (Haufler 2002), such individuals will show two alleles per locus, but their gametophytic offspring will all be genetically
identical. However, genetic variation among sib gametophytes will surely exist if the parent
plant shows more than two alleles per locus.
Fronds were air-dried and, to get stock cultures of gametophytes, spores from each

70

Chapter 5

parent sporophyte were sown onto separate Petri dishes containing an autoclaved medium
consisting of Parker’s macronutrients and Thompson’s micronutrients (Klekowski 1969),
solidified with 5.0 g L−1 Gelrite®. Dishes were sealed with Parafilm® and placed in a
growth cabinet at 20 °C, with a photoperiod of 16:8 h (light:dark) and 134.8 (± 8.3) µmol
m−2 s−1 of photosynthetically active radiation (PAR). After 6 weeks, gametophytes had
reached sufficient size to be transplanted to the experimental setting.
Experimental crosses
For each species, parent sporophytes from Kuinderbos sites and (when available) one distant population were indicated as focal plants. One sporophyte from a distant location was
chosen as non-focal plant. Gametophytes of focal plants were selected for experimental
crosses on Petri dishes (Ø 6 cm) containing the same medium as described above. To compare reproductive success at different levels of inbreeding, two different treatments were
used: gametophytes were either grown in isolation (treatment I) or paired with a gametophyte of a different genotype (from a spore of a non-focal plant) which was placed at
1 cm distance on the dish (treatment II). Each treatment was repeated 30 times for each
of the focal sporophytes. All Petri dishes were randomly divided in groups of 18 dishes,
which were then placed on the bottom of transparent plastic boxes of 20 x 30 cm, sealed
with Parafilm® . These boxes were placed in a growth cabinet, under the same conditions
as the stock cultures. For 30 weeks, all gametophytes of focal plants were examined for
sporophyte production every two weeks. At the same time, all gametophytes were watered
using a sterile pipette to facilitate the movement of male gametes on and between gametophytes. For P. setiferum, Kuinderbos genotypes were crossed with the genotype from
outside the forest in treatment II. However, sporophyte production of this non-focal plant
was also recorded, in the paired setting as well as in additional isolated gametophytes, so
that it could be interpreted as an additional focal genotype.
As we were interested in the overall capacity of the individual genotypes to produce
sporophytes in isolation and in the presence of a second genotype, we did not select bisexual gametophytes, but transplanted gametophytes to the experimental setting just before they
started to produce sexual organs. All transplanted gametophytes reached sexual maturity,
as archegonia were observed on all individuals across species, genotypes and treatments.
Whether these individuals were female or bisexual was however not assessed, as proper detection of antheridia proved very difficult without disturbing the gametophytes. Antheridia
were however produced in the stock cultures of the genotypes involved.
Data analysis
We assessed the effects of species, parent genotype and inbreeding level on sporophyte
production, as well as their interactions, using binary logistic regression analyses (SPSS,
version 16.0, SPSS Inc., Chicago, USA). First an overall analysis was performed, including species, genotype (nested in species) and treatment as factors. Similar analyses were
performed separately per species, using genotype and treatment as factors.
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In line with previous studies by Klekowski (1973, 1979), we define “selfing potential”
as the percentage of isolated gametophytes (thus replicates in treatment I) that produced
a sporophyte. Therefore, in a second type of analysis, we tested for variation in selfing
potential among species of different ploidy level by excluding the data of treatment II and
performing a binary logistic regression analyses (again for week 16, 22 and 30) using ploidy
level, species (nested in ploidy) and genotype (nested in species and ploidy) as factors.
Again, we also performed separate tests of genotypic differences in selfing potential per
species.
As selection for selfing genotypes might potentially alter the effect of ploidy level and
the amount of intraspecific variation in mating system specifically for isolated populations,
all analyses were repeated while excluding the genotypes from outside the Kuinderbos.
Gametophyte mortality was monitored during the whole experiment. This information was
used to calculate for each gametophyte the number of weeks that the gametophyte had
been alive since transplantation. This “realized fertilization time” (Wubs et al. 2010) was
incorporated as a covariate in all tests to correct for differences between gametophytes in
opportunities for fertilization due to mortality.
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Figure 5.1: Gametophyte mortality over time, per species. Percentages of dead gametophytes were
averaged over genotypes and inbreeding levels. ASPS = Asplenium scolopendrium, ASPT = Asplenium trichomanes subsp. quadrivalens, POLS = Polystichum setiferum, POLA = Polystichum aculeatum.
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Table 5.2: Genotypes of parent sporophytes used to obtain spores for the experiment. Genotypes
(rows) are based on four polymorphic microsatellite loci per species (columns), and differ between all
used plants. Different alleles are designated by different letters. Certain heterozygotes (diploids with
two alleles or tetraploids with three or four alleles) are given in bold face. Plant codes as in Table 5.1.
For codes of microsatellite loci see Chapter 4.
a: Asplenium scolopendrium (ASPS, 2n)
Microsatellite loci
Plant AS-7
AS-9
AT-5
AT10
AS1
AS2
AS3
RC

BB
AA
BC
BD

AA
AA
AA
AA

AA
AA
AB
AA

AA
AA
AA
AA

b: Asplenium trichomanes subsp. quadr. (ASPT, 4n)
Microsatellite loci
Plant
AT-1
AT-3
AT-8b
AT-12
AT1
AT2
Eck
B

BBBB
CCCC
AAAA
BBBB

BBBB
BBBB
AB??
BBBB

BBBB
AD??
CCCC
AD??

CCCC
BBBB
AC??
AAAA

c: Polystichum setiferum (POLS, 2n)
Microsatellite loci
Plant PS-3 PS-5
PA-3
PA-6
PS1
PS2
BRS

BB
BB
AB

CC
AA
AB

AA
AA
AA

BB
BB
AB

d: Polystichum aculeatum (POLA, 4n)
Microsatellite loci
Plant
PA-4
PA-5b
PA-6
PA1
PA2
PA3
SG
BRA

AAAA
AAAA
AAAA
AC??
BC??

AB??
BBBB
DE??
DDDD
CCCC

AB??
BBBB
BBBB
BBBB
BBBB

PS-5
BBBB
AAAA
BBBB
BC??
AB??
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Results
Genetic analysis
Each of the sporophytes used as a focal or non-focal plant in the experiment had a unique
genotype (see Table 5.2). Kuinderbos genotypes of the two diploid species were homozygous at all tested loci, except for plant AS3. For the Kuinderbos genotypes of A. scolopendrium this was in line with previous results based on isozymes (Wubs et al. 2010). Genotypes from outside the Kuinderbos were heterozygous for both diploid species. None of
the tetraploid sporophytes showed more than two alleles per locus. Thus, all of them most
likely were at least homozygous at homologous loci.
Breeding experiments
Gametophyte mortality was very low for all species. Mortality rates started to increase
after 22 weeks. Mortality at the end of the experiment (week 30) was highest in Asplenium
trichomanes subsp. quadrivalens (20%; see Figure 5.1).
Although all gametophytes were transplanted six weeks after sowing, gametophytes of
the Asplenium species were smaller than those of Polystichum and maturated slightly later.
As a result, the first sporophytes were observed already four weeks after transplantation
for both polystichoids, while sporophytes of A. trichomanes subsp. quadrivalens and A.
scolopendrium were not found until six and eight weeks after transplantation, respectively
(Figure 5.2).
Total sporophyte production of focal gametophytes was generally high across treatments
in all species. From week 16 onwards, species differed significantly in overall production
(Table 5.3a), with highest mean production after 30 weeks in A. scolopendrium and P. aculeatum (78%) and lowest in P. setiferum (59%). Parent genotypes showed strong and
significant differences in total sporophyte production in all species (Figure 5.2, Table 5.3b).
Genotypic differences were significant for all species in week 30. Particularly large variation was found among the two Kuinderbos genotypes of P. setiferum, with gametophytes of
plant PS1 producing over 2.5 times more sporophytes than those of plant PS2 (Figure 5.2;
Wald χ2 = 41.043, P <0.001).
Potential for intragametophytic selfing (percentage fertilization success at treatment I)
was very high among the Kuinderbos genotypes for all four species (Figure 5.3). For each
species we observed one or more genotypes that produced sporophytes on the large majority of their isolated gametophytes (80-90%). Aborted zygotes were rarely observed in
the experiment (single observation for each of the Polystichum species, none in Asplenium).
Separate regression analyses including only the data of the isolated cultures showed significant differences in selfing potential between ploidy level in week 16, but not in week
22 and 30 (Table 5.3c). Selfing potential significantly differed between species and genotypes. When tested separately per species, genotypic differences in selfing potential were
almost significant for P. aculeatum and very significant for the other species (Table 5.3d).
When excluding genotypes from outside the Kuinderbos from the analysis, selfing potential
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did not significantly differ between ploidy levels (Wald χ2 = 0.182, P=0.670), nor between
species (Wald χ2 = 3.283, P=0.194). Genotypic differences remained significant (Wald χ2
= 71.487, P <0.001).
For none of the four species fertilization success of focal gametophytes was consistently
higher when gametophytes were paired with another genotype. For A. trichomanes subsp.
quadrivalens sporophyte production after 30 weeks was about equal among treatments in
all genotypes (Figure 5.3). For the other three species, the overall pattern (across genotypes
from all locations) was blurred by clear genotypic differences in the treatment effect. Both
in A. scolopendrium and P. aculeatum, one Kuinderbos genotype had higher production
in treatment II, while in the other genotypes production was equal among treatments or
even higher for isolated gametophytes. Interaction between genotype and treatment was
significant for A. scolopendrium (Table 5.3b). Figure 5.3 suggests that this interaction might
also be present for P. aculeatum, but this relation was not significant in week 30 (but was
significant in week 16; Wald χ2 = 0.990, P = 0.019). For P. setiferum the interaction between
genotype and treatment was significant (Table 5.3b), but no longer when the genotype from
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Figure 5.2: Total sporophyte production across treatments, for each focal genotype. Different panels
show different species: a) Asplenium scolopendrium, b) Asplenium trichomanes subsp. quadrivalens,
c) Polystichum setiferum, d) Polystichum aculeatum. For codes of genotypes see Table 5.1.
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Figure 5.3: Sporophyte production 30 weeks after transplantation, for all focal genotypes at each
of the two treatments. Black bars = I, isolated gametophytes (intragametophytic selfing); grey bars
= II, among-population crossing (and intragametophytic selfing). Different panels show different
species: a) Asplenium scolopendrium, b) Asplenium trichomanes subsp. quadrivalens, c) Polystichum
setiferum, d) Polystichum aculeatum. For clarity a vertical line separates Kuinderbos genotypes (to
the left, see Table 5.1 for codes of genotypes) and mainland genotypes (to the right).

outside the Kuinderbos was excluded (Wald χ2 = 0.114, P = 0.735), which was the only
genotype with increased production at treatment II (Figure 5.3).

Discussion
Breeding and population genetic studies on various fern species have shown that inbreeding
depression is often reduced in allopolyploids compared with their diploid parents, because
recessive deleterious or lethal alleles are less likely to be expressed after genome duplication (Hedrick 1987; Masuyama & Watano 1990; Flinn 2006). The same pattern could
be expected for our study species, among which are two tetraploids (P. aculeatum and A.
trichomanes subsp. quadrivalens) and two diploids (A. scolopendrium and P. setiferum).
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Indeed, previous studies on their mating systems were in line with those expectations (Suter
et al. 2000; Pangua et al. 2003). However, the results of our experiments show a very
different pattern.
Two key results can be extracted from our data. First of all, intraspecific variation in
selfing rate was present in all species, and two species seem to show variation in mating
strategy among genotypes sampled from the Kuinderbos. Secondly, Kuinderbos genotypes
of all species showed surprisingly high capacities for sporophyte production via intragametophytic selfing. As a result, the predicted differences in mating strategy between diploid
and tetraploid species were not confirmed. Strong selection for selfing genotypes following
long-distance dispersal, a mechanism previously described as Baker’s law (Stebbins 1957),
can explain these observations. Below, we discuss why our results may indicate that Baker’s
law also applies to ferns.
Intraspecific variation in selfing potential and mating strategy
In breeding studies very similar to ours, Klekowski (1973, 1979) and various others interpreted the percentage of bisexual gametophytes that failed to produce a sporophyte as a
measure of genetic load. Based on this principle, intraspecific variation in the percentage
of isolated gametophytes producing a sporophyte can be interpreted in terms of genotypic
differences in genetic load (e.g. Ranker & Geiger 2008). This principle is, however, less
applicable for completely homozygous parent sporophytes, since all their sib gametophytes
are genetically identical and recessive lethal alleles should cause the death of all inbred zygotes. Thus, in case of homozygous parents, unsuccessful sporophyte production on part
of the gametophytes cannot be explained from lethal recessive alleles (but can be explained
from recessive alleles with slightly deleterious effects). As genetic analysis suggested most
parent sporophytes to be homozygous, differences in the percentage of sporophyte-bearing
isolated gametophytes per genotype are unlikely due to genetic load alone. As we were
interested in the overall potential of a certain genotype to produce sporophytes rather than
only in the effect of genetic load, we transplanted gametophytes in the pre-sexual stage. A
failure to produce a sporophyte in isolation may thus also have been caused by a failure to
reach a functional bisexual status or by a gametophytic morphology that limits the transport
of gametes on the gametophyte (Raghavan 1989). Both characteristics are influenced by
environmental, but also by genetic factors (Raghavan 1989; Ranker & Houston 2002).
As gametophytes were cultured in a randomized setting under controlled conditions,
species and genotypic differences in fertilization success within treatments are not likely
due to environmental variation. However, the presence of a second gametophyte in treatment II might have resulted in slightly altered conditions (Korpelainen 1996). Most importantly, paired gametophytes may affect each other’s sexual status by excreting antheridiogens, which inhibit further growth of nearby gametophytes and stimulate them to become
male (e.g. Schneller et al. 1990). However, our observation that nearly all gametophytes
had a normal, heart-like shape and produced female reproductive organs suggests a limited effect of antheridiogens. Humidity was nearly 100% in all petri dishes and a surplus
of nutrients was added to the culture medium. We therefore interpret our results in terms
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of differences in the intrinsic capacity of the tested genotypes to produce a sporophyte in
isolation or in the presence of gametes from a genetically different gametophyte.
Our results show clear intraspecific variation in selfing potential in all four species.
Moreover, all species, except A. trichomanes subsp. quadrivalens, showed genotypic differences in the relative success of sporophyte production among treatments: one genotype
showed a clearly enhanced sporophyte production in the presence of a second genotype
(suggesting a preferentially outcrossing mating system), while the other genotypes did not
show this effect.
As genetic differences may influence fertilization success in many different ways, the
presence of genotypic variation in selfing rates is not unlikely. Only a very limited number
of studies has, however, previously tested the mating system of multiple genotypes of the
same fern species in a single experiment (but see Peck et al. 1990; Suter et al. 2000;
Wubs et al. 2010). Our results reconfirm the intraspecific variation in mating system shown
for A. scolopendrium by Wubs et al. (2010) and show similar variation in three additional
species. As all previous breeding studies that used multiple genotypes per species indeed
found genotypic variation in mating system, we stress the importance of testing a range of
different genotypes before drawing any conclusions on the dominant mating system of a
fern species. In some previous studies (e.g. Flinn 2006) spores from multiple populations
were pooled to infer a general mating strategy per species. This may, however, not be very
informative on the actual mating systems the species shows in reality. We note that even if
a certain mating strategy is most abundant among the genotypes of a species, a particular
mating strategy can be overrepresented in habitats which impose a selective pressure on
capacities for a certain type of mating (e.g. disjunct habitats; see below).
Did selection for selfing genotypes obscure variation in selfing capacity among ploidy
levels?
We showed a clear potential for fertilization and sporophyte production via intragametophytic selfing for all investigated Kuinderbos genotypes of each of the four species. Selfing
potential, here defined as the percentage of isolated gametophytes successfully producing
a sporophyte, was high for all genotypes. This high potential to produce viable sporophytes on a single gametophyte implies that most gametophytes do become bisexual, that
self-fertilization is successful in the presence of water, and that early inbreeding depression
(i.e. mortality of inbred sporophytic embryos due to expression of genetic load (Husband
& Schemske 1996) is very limited in these genotypes. Moreover, allowing the option of
intergametophytic crossing by providing a genetically different mate (treatment II) rarely
increased sporophyte production compared with isolated cultures for the Kuinderbos genotypes. As intragametophytic selfing was most likely also common in treatment II, the absence of a treatment effect suggests that Kuinderbos genotypes not only have a high selfing
potential, but also an overall selfing strategy. A replacement of self-fertilization by crossfertilization can, however, not be excluded without a parental analysis of the ±250 sporophytes produced in paired cultures using molecular markers. Unfortunately, we were unable
to perform such an analysis within this study.
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The high selfing capacity observed for both Asplenium trichomanes subsp. quadrivalens
and P. aculeatum is in line with results of previous studies (Suter et al. 2000; Pangua et al.
2003). However, for Asplenium trichomanes subsp. quadrivalens the selfing capacity of the
Kuinderbos genotypes was much higher than that of the Swiss genotypes tested by Suter
et al. (2000). The mainland genotype ’Eck’ used in our study showed a selfing potential that was about similar to that of the Swiss genotypes (<50%). The Swiss populations
sampled by Suter et al. (2000) were located in mountainous regions which harbour numerous populations of this subspecies and where gene flow supposedly is relatively high.
Our ’Eck’ genotype was sampled near Maastricht (the Netherlands), also a region where
this subspecies is relatively common. Genotypic variation in selfing potential apparently is
present across the species’ European distribution, but selfing rates were consistently highest
for genotypes from the most isolated populations. This is in line with the pattern predicted
based on the hypothesis of selection for selfing genotypes after long-distance dispersal.
Similar, but more surprising results were found for P. setiferum. Pangua et al. (2003)
reported isolated gametophytes derived from a Spanish population of this species to be
totally incapable of intragametophytic selfing, and therefore described the diploid species
P. setiferum as an obligate outcrosser. However, our results show that a genotype from
outside the Kuinderbos was capable of intragametophytic selfing and that genotypes from
Kuinderbos populations established by long-distance dispersal showed even higher selfing
potential, and no difference in sporophyte production between paired and isolated cultures.
First of all, this shows that a selfing strategy is present even in the diploid P. setiferum.
Secondly, the difference in mating strategy between the Iberian genotypes, located close to
the centre of the species geographic distribution (Pangua et al. 2003), and the Kuinderbos
genotypes, obtained from isolated populations, is again in line with predictions based on
selection for selfing following long-distance dispersal.
A clear capacity for self-fertilization was also observed in the other diploid species,
Asplenium scolopendrium. All three Kuinderbos genotypes showed very high sporophyte
production in isolation. A previous study by Wubs et al. (2010) also showed clear selfing capacity for 7 out of 9 genotypes tested. The fact that Kuinderbos genotypes of both
diploid species are clearly capable of self-fertilization and that, at least for the Kuinderbos,
no significant difference in selfing potential was found between the diploid and polyploid
species is in marked contract with previous studies showing increased selfing in polyploid
ferns (e.g. Masuyama & Watano 1990). This might imply that the effect of polyploidization on the selfing potential of fern gametophytes is less straightforward than is sometimes
assumed (e.g. Ranker & Geiger 2008). Alternatively, and perhaps more likely, it can have
resulted from the specific characteristics of the Kuinderbos populations: isolated populations, which likely established through single-spore colonization following long-distance
dispersal. Selection for selfing genotypes (i.e. Baker’s law) may have obscured any differences in dominant mating system present among the species studied. We predict that the two
diploid species studied might show a larger proportion of obligatory outcrossing genotypes
on a European scale, but that strong mate limitation upon arrival in the isolated Kuinderbos largely prevented the colonization of genotypes incapable of single-spore establishment
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through intragametophytic selfing.
As we studied only a limited number of Kuinderbos genotypes per species, we cannot exclude that some of the successful colonizers in this forest were obligate outcrossers
which did find a nearby mate. Results of population genetic studies for the same four species
(Chapter 6) suggested that population establishment by intergametophytic crossing has at
least occurred once for P. setiferum. Previous results by Wubs et al. (2010) also suggest a
lack of selfing potential for a few Kuinderbos genotypes of A. scolopendrium. Interestingly,
the only Kuinderbos genotype of A. scolopendrium which shows enhanced sporophyte production in treatment II of our study (plant AS3) was also the only one that was heterozygous
(and thus must have resulted from cross-fertilization).
Conclusions
Two important conclusions can be drawn from our data. First, we show that even within
diploid fern taxa previously reported to be clear outcrossers, some genotypes may show
high selfing potential. We show intraspecific variation in mating system for four different
species and predict that the presence of such variation is common, at least among temperate
calcicole ferns. Secondly, selfing potential was consistently high for all genotypes obtained
from the Kuinderbos, across all four species tested, despite differences in ploidy level. A
selective pressure on selfing capacity imposed by strong mate limitation upon spore arrival
(i.e. Baker’s law (Stebbins 1957)) may have obscured any differences in dominant mating
system present at a larger scale between the diploid and polyploid species studied. The
occurrence of such a selection effect among ferns has been suggested before based on observations of mating-system variation among populations (e.g. Klekowski 1972; Cousens
1979; Crist & Farrar 1983).
Although numbers of investigated genotypes are limited, our results support the idea that
selfing ability is of great importance for fern population establishment after long-distance
dispersal (Lott et al. 2003; Wubs et al. 2010) and that the advantages of single spore
establishment favour selfing genotypes during long-distance colonization in ferns. This is
in line with results for other plant groups and helps to explain the evolution of inbreeding in
fern species (Soltis & Soltis 1990).
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Table 5.3: Results of binary logistic regression analyses. Analyses of the effects of species, parent
genotype, culture treatment and their interactions on total sporophyte production after 16, 22 and 30
weeks of culture in the experimental setting (a.), and the effect of parent genotype, treatment and their
interaction on total sporophyte production per species after 30 weeks (b.). Analyses of the effects
of ploidy level, species and parent genotype on sporophyte production in isolation (selfing potential)
after 16, 22 and 30 weeks (c.), and the effect of parent genotype on selfing potential per species after
30 weeks (d.). Gametophyte mortality was treated as a covariate in all analyses. Interactions between
factors and the covariate are not shown. Wald statistic and significance are given, significant effects
(P<0.05) appear in bold case. ASPS = Asplenium scolopendrium, ASPT = Asplenium trichomanes
subsp. quadrivalens, POLS = Polystichum setiferum, POLA = Polystichum aculeatum.
a.
Species
Week Wald χ2
P
16
14.973
0.002
22
14.299
0.003
30
32.610 <0.001

Parent genotype
Treatment
df Wald χ2
P
df Wald χ2
P
3 94.964 <0.001 9
1.596 0.206
3 106.080 <0.001 9
0.014 0.906
3 105.704 <0.001 9
0.000 1.000

b.
Parent genotype
Treatment
Week Wald χ2
P
df Wald χ2
P
ASPS 17.759 <0.001 2
0.190 0.663
ASPT 28.282 <0.001 2
0.113 0.737
POLS 52.186 <0.001 2
1.401 0.237
POLA
7.983
0.046 3
0.000 0.998
c.
Ploidy level
Week Wald χ2
P
16
10.011 0.002
22
2.032 0.154
30
1.380 0.240

Species
df Wald χ2
P
1
5.521
0.063
1 11.440
0.003
1 24.173 <0.001

c.
Parent genotype
Mortality
Week Wald χ2
P
df Wald χ2
P
ASPS 56.905 <0.001 2
2.201 0.138
ASPT 32.341 <0.001 2
5.000 0.025
POLS 126.113 <0.001 2
4.698 0.030
POLA
7.034
0.071 3
0.955 0.328

Species x treatment Genotype x treatment
df Wald χ2
P
df Wald χ2
P
df
1
6.247 0.100 3 37.296 <0.001 9
1
0.766 0.858 3 32.832 <0.001 9
1
0.666 0.881 3 28.138
0.001 9

Genetype x Treatment
Mortality
df Wald χ2
P
df Wald χ2
P
1 10.029
0.007
2
3.794 0.051
1
0.179
0.914
2
3.149 0.076
1 17.564 <0.001 2
7.287 0.007
1
0.481
0.923
3
4.437 0.035
Parent genotype
Mortality
df Wald χ2
P
df Wald χ2
P
2 100.042 <0.001 9
3.924 0.048
2 100.133 <0.001 9 10.816 0.001
2 111.991 <0.001 9
0.026 0.873

df
1
1
1
1

df
1
1
1
1

df
1
1
1
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Abstract
Populations established by long-distance colonization are expected to show low levels of genetic variation per population, but strong genetic differentiation among populations. Whether
isolated populations indeed show this genetic signature of isolation depends on the amount
and diversity of diaspores arriving by long-distance dispersal, and time since colonization.
However, reliable estimates of long-distance dispersal rates remain largely unknown, and
previous studies on fern population genetics often sampled older or non-isolated populations. Young populations in recent, disjunct habitats form a useful study system to improve
our understanding of the genetic impact of long-distance dispersal.
We used microsatellite markers to analyse the amount and distribution of genetic diversity in young populations of four widespread calcicole ferns (Asplenium scolopendrium,
diploid; Asplenium trichomanes subsp. quadrivalens, tetraploid; Polystichum setiferum,
diploid; Polystichum aculeatum, tetraploid), which are rare in the Netherlands but established multiple populations in a forest (the Kuinderbos) on recently reclaimed Dutch polder
land following long-distance dispersal. Reference samples from populations throughout
Europe were used to assess how much of the existing variation was already present in the
Kuinderbos.
A large part of the Dutch and European genetic diversity in all four species was already
found in the Kuinderbos. This diversity was strongly partitioned among populations. Most
populations showed low genetic variation and high inbreeding coefficients, and were assigned to single, unique gene pools in cluster analyses. Evidence for interpopulational gene
flow was low, except for the most abundant species.
Our results show that all four species, diploids as well as polyploids, were capable
of frequent long-distance colonization via single-spore establishment. This indicates that
even isolated habitats receive dense and diverse spore rains, including genotypes capable of
self-fertilization. Limited gene flow may conserve the genetic signature of multiple longdistance colonization events for several decades.
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Introduction
Long-distance dispersal (LDD) is of vital importance for the colonization of remote sites
(Eriksson 1996), as well as for the dynamics and structure of remote populations (Bohrer
et al. 2005). Immigration from distant sources plays a key role both in determining the
levels of genetic diversity in such remote populations and in the way this diversity is partitioned among populations (Pannell & Dorken 2006; Broquet et al. 2009). Understanding
this role of LDD in shaping patterns of genetic diversity is essential, as the fragmentation
and impoverishment of natural habitats continues and levels genetic diversity are important
for population viability (Lande & Shannon 1996). Yet, reliable estimates of frequencies of
spore arrival by LDD in relation to source distance remain largely unknown, as these are
inherently difficult to measure (Cain et al. 2000), and the consequences of low immigration
rates for genetic diversity and genetic structure in and among peripheral populations remain
controversial (Eckert et al. 2008). Generally, long-distance colonization is expected to result in low genetic variation within peripheral populations and strong differentiation among
them, due to various mechanisms acting both during colonization and after initial establishment (Pannell & Dorken 2006). Low genetic variation may result from genetic drift: strong
founder effects during colonization and/or stochastic loss of alleles within small populations (Pannell & Dorken 2006). Strong partitioning of diversity among populations may
originate during colonization when different populations are founded by different genotypes (Whitlock & McCauley 1999), or in the founded populations due to genetic drift or
high inbreeding rates (Schaal & Leverich 1996; Young et al. 1996). Many studies indeed
detected reduced genetic diversity and/or increased spatial structure towards range edges
(Maguire et al. 2000; Arnaud-Haond et al. 2006). However, differences among central and
peripheral populations are generally not large (Eckert et al. 2008), and in various cases genetic variation among arriving colonizers or local adaptation seemed sufficient to maintain
high diversity in peripheral populations (Barton 2001; Sundberg 2005).
Long-distance colonization is of particular interest in ferns, as all homosporous fern
species can disperse their spores over large distances and are thought to be capable of establishment from a single spore (Peck et al. 1990; Wolf et al. 2001). Although only part of the
spores produced will be dispersed over large distances (Peck et al. 1990; Sundberg 2005),
there are indications that long-distance colonization by ferns is not necessarily a rare event
(Shepherd et al. 2009).
The capacity of homosporous ferns to establish from single spores results from the fact
that spore germination gives rise to a (haploid) gametophyte that is potentially bisexual
and capable of producing a sporophyte by intragametophytic selfing (i.e. self-fertilization
on a single haploid gametophyte; Klekowski 1979; Ranker & Geiger 2008). Single-spore
colonization via this extreme form of inbreeding may result in strong founder effects and
effectively, in terms of genetics, inbreeding populations. Subsequent increases in genetic
diversity and recombination through sexual reproduction are conditional on the immigration
of additional genotypes (Pannell & Dorken 2006). Although potential for intragametophytic
selfing varies between species (Soltis & Soltis 1992; Ranker & Geiger 2008), there are
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indications that genotypes capable of self-fertilization may be present in more species than
is generally assumed (Chapter 5). Clear patterns of low population genetic variation and
strong population differentiation have been shown for a number of temperate rock ferns
(e.g. Schneller & Holderegger 1996; Vogel et al. 1999b; Suter et al. 2000). These patterns
were attributed to a high incidence of intragametophytic selfing, as a result of their patchy
habitats (Vogel et al. 1999c) and due to the fact that many of the species are polyploids,
which may suffer less from inbreeding depression (Masuyama & Watano 1990; Vogel et al.
1999b). Most populations of sexually reproducing (diploid) fern species seem to be mating
randomly or primarily by outcrossing (Ranker & Geiger 2008).
Unfortunately, previous studies showing low variation in isolated fern populations may
have been misled by two limitations in their experimental design which obscured evidence
of the mechanisms behind this pattern. A first set of studies made use of allozymes as
genetic markers (e.g. Schneller & Holderegger 1996; Vogel et al. 1999b,c; Suter et al.
2000). As such markers typically show limited allelic diversity, their resolution may be too
low for population genetic studies (Woodhead et al. 2005). Other studies, which overcame
this problem by using high-resolution markers (AFLPs, RAPDs or microsatellites) focused
on relatively old populations that experienced rather stable population sizes (Pryor et al.
2001), often located towards the centre of the species’ distribution range (Jimnez et al.
2010). Their results were then discussed in relation to colonization histories over time scales
of thousands of years (e.g. since the last ice age). This causes difficulties in disentangling
the mechanisms that act at different moments after initial colonization. For instance, spatial
structure may either be caused by a combination of founder effects and low variation among
arriving colonizers, or by loss of variation at a later stage due to drift or non-random mating.
Very young populations established in a recent, disjunct habitat, form a useful study
system to improve our understanding of the processes that shape patterns in genetic variation
at different stages of colonization. In such populations, local equilibria between gene flow,
mutation and genetic drift are of minor importance and genetic structure is driven by a
combination of the diversity and intensity of the spore rain and species-specific population
dynamics. Here, we made use of an excellent example of such a young system (De Groot
et al. 2008): isolated populations in a young ±1000 ha planted forest on Dutch polder
land that was reclaimed from the sea in the 1940s. This woodland harbours the largest
diversity of fern species in the Netherlands (Bremer 2007), among which there are various
rare calcicoles that must have reached the Dutch polders by LDD (Bremer 1980). Most of
these rare calcicoles established multiple spatially separated clusters in the forest, which is
located towards the northern edge of the species’ distribution ranges. From 1980 onwards,
establishment of these clusters was carefully monitored (Bremer 1980, 1994, 2007). This
provides a unique opportunity to infer key mechanisms that shape the assembly of genetic
diversity through time and in space subsequently to the initial long-distance colonization.
In this study, we used highly polymorphic microsatellite markers to infer population
genetic structure in four rare calcicole fern species. Specifically, we address the following
four questions: 1) Are the observed spatial clusters of individuals the result of multiple,
separate long-distance colonization events? 2) How much variation is present in the forest as
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a whole and within populations? 3) How much gene flow has already occurred between the
local populations? 4) How do population genetic structure and observed levels of variation
vary between species and how does this relate to their (local) ecology and reproductive
biology?

Materials and methods
Study area and study species
We studied the genetic structure in populations of four fern species that are rare in the
Netherlands, and which belong to two different genera and vary in ploidy level (Van der
Meijden 2005). All are calcicoles with relatively high habitat specificities (Fitter & Peat
1994; Page 1997), and are mainly known from rocky, lime-rich substrates. In the Netherlands they mainly occur on man-made walls (FLORBASE-2N 2010). We studied young
populations in the Kuinderbos forest, which is located in the Dutch Noordoostpolder. It was
planted around 1950, about ten years after the polder was created. Asplenium scolopendrium L. is a diploid species, shown to have a mixed mating system (Wubs et al. 2010). Its
congener Asplenium trichomanes subsp. quadrivalens D.E. Meyer is an allotetraploid taxonomic entity of the A. trichomanes complex and known as a strong selfer (Suter et al. 2000).
Both asplenioids are rare in the Netherlands, but are increasingly found in rural areas across
the country (Bremer 2007). The nearest source populations at the time of first establishment
in the Kuinderbos were +30 km away (Bremer 2007). The allotetraploid Polystichum aculeatum (L.) Roth and its diploid parent Polystichum setiferum (Forssk.) Moore ex Woynar
are rarer still, with the nearest populations at the southern Dutch border, in Germany and
the UK. They must have dispersed over distances of +100 and +250 km respectively (Bremer 1980, 2007). Pangua et al. (2003) reported evidence of inbreeding for the tetraploid P.
aculeatum and obligate outcrossing for the diploid P. setiferum, at least for populations at
the Iberian Peninsula.
In the Kuinderbos, the steep slopes of drainage trenches provide a substrate of moist, calcareous sand (due to the sea shells in the former sea-bottom sand), on which the species occur as spatially separated clusters of individuals, consistently called “populations” throughout this text. Depending on the population, we estimate that there have been 2-4 partly
overlapping generations since establishment. Asplenium scolopendrium is by far the most
abundant species in the forest, present with +13,000 individuals spread over numerous populations, mainly located in the north-western and central sections of the forest (Figure 6.1;
Bremer 1994, 2007). Polystichum aculeatum is also abundant and present with tens of populations, again especially in the north-western corner (Bremer 1994). Asplenium trichomanes
subsp. quadrivalens is present with only three populations of 10-11 individuals each and P.
setiferum has about ten populations of varying size, scattered throughout the forest.
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Sampling strategy
Leaf fragments were sampled from six populations of A. scolopendrium, P. setiferum and
P. aculeatum in the Kuinderbos, and all three known populations of A. trichomanes subsp.
quadrivalens (Table 6.1). Each population was located in a different drainage ditch and
formed a spatially separated cluster of individuals (Figure 6.1). Distances between populations ranged from 30 m (adjacent trenches) to 3.8 km. Population sizes differed within
and between species (Table 6.2). At least ten sporophytes were sampled per population,
except for two small populations of P. setiferum. Entire populations were sampled for A.
trichomanes subsp. quadrivalens. Final sample sizes used in analyses are shown in Table
6.2.
For several populations, the founding individual was known and sampled, and/or an
estimate of the time of establishment of this founder was available (Table 6.2). Generally,
observed levels of genetic diversity vary both with the study species and the markers applied.
Therefore, to be able to compare the variation in Kuinderbos colonies between species, we
additionally gathered samples from 3-22 populations per species in the rest of the Netherlands and 12-29 populations throughout Europe (“context samples”, see Table 6.1), and
then compared the genetic variation in the Kuinderbos with that in the entire dataset. Dutch
context populations were newly sampled (one sample per population), European samples
within a ±1,000 km radius around the Kuinderbos (see Appendix IV) were obtained from
herbarium collections held at the National History Museum in London (BM, United Kingdom) and the University of Helsinki (H, Finland). Per individual, a few cm2 of leaf tissue
was sampled and put in a paper envelope. Per population, envelopes were put in a plastic
bag with silica beads to rapidly dry and store the samples.
Table 6.1: Numbers of sampled populations (Npop ) and total numbers of samples (Ns ) per species
in the Kuinderbos, in the rest of the Netherlands (excluding Kuinderbos) and throughout the rest of
Europe (excluding the Netherlands). Allelic variation is calculated as the mean number of different
alleles per locus. The acquired genetic variation in the Kuinderbos is given both as the fraction of
the total Dutch allelic variation that is present in the Kuinderbos (AKB /AN L ) and as the fraction of
the total European allelic variation that is present in the Kuinderbos (AKB /AEU R ). AT OT AL = total
allelic variation across all samples per species. ASPS = Asplenium scolopendrium, ASPT = Asplenium
trichomanes, POLS = Polystichum setiferum, POLA = Polystichum aculeatum.

Species
ASPS
ASPT
POLS
POLA

Kuinderbos
Npop
NS
6
54
3
31
6
51
6
60

Netherlands
Npop
NS
22
24
11
11
10
21
3
9

Europe
Npop
NS
18
19
29
29
12
12
17
18

Acquired variation
AKB /AN L
AKB /AEU R
0.85
0.83
0.70
0.54
0.59
0.55
0.91
0.71

AT OT AL
8.25
7.50
11.00
7.50
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Microsatellite genotyping
DNA was extracted using the GenElute™ Plant Genomic DNA Miniprep Kit (Sigma-Aldrich,
St. Louis, USA) following the manufacturer’s protocol. Genotyping was performed using
microsatellite markers specifically developed for the study species (De Groot et al. 2011b;
Chapter 4). Five polymorphic loci were available for A. scolopendrium (AS4N, AS7, AS9,
AT5, AT10) and four loci for each of the other species (A. trichomanes: AT1, AT3, AT8b,
AT10; P. setiferum: PS3, PS5, PS9, PA6; P. aculeatum: PA4, PA5b, PA6, PS5). Two loci,
AT1 and AS9, are located in the cpDNA. Amplification of all loci followed the standard protocol described in Chapter 4. Primers were labelled with fluorescent dyes (FAM or HEX)
and fragment sizes were determined by automated detection using an ABI 3730 capillary
sequencer. The GeneScan-500 ROX Size Standard (Life Technologies, Carlsbad, USA) was
used as an internal lane standard for all fragment size analyses (excluding the band at 250bp
that is known to be unstable). Allele scoring was performed using the ABI PeakScanner
v.1.0 software (Life Technologies, Carlsbad, USA).
For two populations of P. setiferum (Pset3 and Pset6, Figure 6.1), genotyping of marker
PS9 failed for all individuals in the population. This result was interpreted as the presence of
a null allele. For the characterization of genetic variation, these individuals were assumed to
be homozygous at this locus for a single hypothetical allele not present in the other populations. The locus was excluded from tests of isolation by distance, population differentiation
and in PCA and Bayesian cluster analyses.
Data analysis
Two of our four studied species have a tetraploid genome. This can be problematic in the
analysis of microsatellite genotyping data, not only because part of the available software
is only suited for diploid datasets, but also because banding patterns do not yield reliable
information on allele dosages in heterozygous tetraploids (e.g. Van Puyvelde et al. 2010):
the actual genotype of an individual with alleles A, B and C might for instance be AABC,
ABBC or ABCC. As a result, exact allele frequencies cannot be estimated. To allow comparison between species, we aimed to use measures and statistical tests of genetic diversity and differentiation that could be calculated in a comparable way for both diploids and
tetraploids. However, the use of alternative analytical procedures implemented in different
software packages was unavoidable and a few heterozygosity-based tests (e.g. inbreeding
rates and linkage disequilibrium) could only be performed for the two diploid species.
Linkage disequilibrium was tested for the two diploid species using Fisher’s exact tests
in Genepop (Raymond & Rousset 1995) using both per population and across all populations estimations, for all possible loci combinations. For each population, the following
measures of genetic diversity were calculated manually: mean number of different multilocus genotypes (Ng ), mean number of alleles per locus (A), the number of private alleles
(Npa ) and the part of the total allelic diversity in the Kuinderbos (AKB ) that was present in
population i (Ai /AKB ).
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Table 6.2: Genetic characterization of all sampled populations in the Dutch Kuinderbos forest.
Species acronyms as in Table 6.1. A. scolopendrium populations overlap with those in Wubs et al.
2010 (codes used in that article given between brackets). Pop.size = population size at time of sampling (number of spore-bearing plants between brackets); Yest = estimated time of initial population
establishment. Measures of genetic variation Ng = number of multi-locus genotypes, A = allelic variability (mean number of alleles per locus), Ar = allelic richness (number of alleles per locus, corrected
for sample size by means of rarefaction), Ap /A = mean fraction of private alleles (within the Kuinderbos) per locus, A/AKB = fraction of the total allelic variability in the Kuinderbos that is present per
population. Measures of heterozygosity and inbreeding: Ho = observed heterozygosity (undefined
for polyploids), He = expected heterozygosity, F = inbreeding coefficient (undefined for polyploids).
Founder = is the population founder homozygous at the tested loci (yes, no or founder unknown (?)).
Species
ASPS

ASPT

POLS

POLA

Pupulation
Pop.size
Asco1 (KB1)
339 (238)
Asco2 (KB2)
206 (145)
Asco3 (KB4)
328 (259)
Asco4 (KB10) 260 (139)
Asco5 (KB12)
262 (95)
Asco6 (KB13)
149 (81)
Atri1
10 (10)
Atri2
11 (11)
Atri3
10 (10)
Pset1
28 (3)
Pset2
60 (36)
Pset3
29 (20)
Pset4
6 (1)
Pset5
12 (8)
Pset6
5 (1)
Pacu1
10 (2)
Pacu2
138 (36)
Pacu3
55 (40)
Pacu4
50 (>25)
Pacu5
147 (>100)
Pacu6
31 (>10)

Yest
No. samples Ng
1980-1985
9
1
1975-1980
10
7
1975-1980
10
8
1970-1975
9
9
1970-1980
9
9
1970-1980
7
6
± 1975
10
4
1985-1990
11
2
± 1995
10
5
1970-1980
10
1
1980-1990
12
5
1970-1980
10
1
2005-2010
4
4
1970-1980
10
10
1985-1990
5
4
1965-1975
7
3
1986
12
5
1965-1975
11
1
1965-1975
10
3
1965-1975
10
8
1985-1990
10
10

A
1.00
2.50
3.25
3.75
3.25
2.75
2.50
1.75
2.25
1.00
1.50
1.00
1.75
3.75
1.67
2.00
2.25
1.00
2.75
3.75
4.25

Ar
1.00
2.02
2.65
3.13
2.57
2.52
NA
NA
NA
1.00
1.59
1.00
1.63
2.39
1.40
NA
NA
NA
NA
NA
NA

Ap /A A/AKB
0.00
0.15
0.07
0.38
0.03
0.50
0.12
0.58
0.00
0.50
0.10
0.42
0.18
0.67
0.25
0.47
0.38
0.60
0.00
0.16
0.38
0.24
0.00
0.16
0.13
0.28
0.53
0.60
0.25
0.27
0.06
0.38
0.08
0.43
0.00
0.19
0.13
0.52
0.00
0.71
0.15
0.81

Ho
0.000
0.081
0.103
0.238
0.119
0.207
NA
NA
NA
0.000
0.083
0.000
0.125
0.369
0.400
NA
NA
NA
NA
NA
NA

He
0.000
0.258
0.391
0.431
0.458
0.474
0.270
0.385
0.431
0.000
0.239
0.000
0.208
0.431
0.175
0.192
0.281
0.000
0.299
0.542
0.569

F
Founder
NA*
?
0.684
?
0.737
?
0.448
?
0.740
?
0.563
?
NA
?
NA
?
NA
?
NA*
yes
0.651
yes
NA*
?
0.4
yes
0.143
?
-0.600
no
NA
yes
NA
yes
NA
yes
NA
yes
NA
?
NA
?

* Only one multi-locus genotype present. Inbreeding coefficient is therefore undefined, but effectively equals one (extreme
inbreeding).
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For each species we estimated the percentage of the total Dutch and European genetic
diversity that has arrived in the Kuinderbos since it was planted, by calculating the ratio
between the number of alleles in the Kuinderbos and either the number of alleles in the total
set of Dutch samples (AKB /AN L ) or in the total dataset (AKB /AEU R ). As a measure of
allelic diversity independent of sample size, we calculated the allelic richness Ar in Fstat
(v 2.9.3; Goudet 1995) by the method of rarefaction (El Mouradik & Petit 1996). This
was only possible for diploid species. Variation in sample size among populations was,
however, very small for both tetraploid taxa (7-12 individuals), which justifies comparison
of uncorrected values of A.
The markers AS9 and AT1 were excluded from all heterozygosity-based analyses, because they are located at the uniparentally inherited plastid genome. Expected heterozygosity (He ) was calculated per population as the unbiased estimator described by Nei (1987),
using FStat for diploids and ATetra (v 1.1; Van Puyvelde et al. 2010) for tetraploids. The
program ATetra uses Monte Carlo simulations to estimate mean heterozygosity values based
on a random subset of all possible combinations of allele configurations in tetraploid individuals. For the diploids, observed heterozygosities (Ho ) and inbreeding coefficients (F)
were calculated for all populations using FStat.
Genetic differentiation of populations was quantified using three different measures of
partitioning of genetic variances: two recently developed measures, G00ST (Meirmans &
Hedrick 2011) and Jost’s D (Jost 2008), and the original estimator of GST as formulated by
Nei (1987). Estimates of HS and HT unbiased for sample size differences (Nei & Chesser
1983) were calculated per locus using SMOGD (v 1.2.5; Crawford 2010) for diploids and
manually for tetraploids based on expected heterozygosity values produced by ATetra. We
then averaged HS and HT over loci before calculating GST and G00ST (Nei 1973; Meirmans
& Hedrick 2011). For Jost’s D, a multi-locus value was obtained by taking the harmonic
mean across loci (Crawford 2010). For the diploid species, significance of the population
differentiation was tested using a Fisher’s exact test in FStat, assessing whether the distribution of (multi-locus) genotypes differed from that of a completely randomized dataset
(Goudet et al. 1996).
We performed two different types of cluster analyses to estimate more explicitly the
minimum number of separate colonization events from which our sampled populations
likely originated. As we studied the diversity of the spore rain and the colonization history, we were interested in the similarity in allelic variants among populations rather than
in differences in dominance of alleles. We therefore first performed principle component
analyses (PCA) with PCord (v5.0; McCune & Mefford 1999) based on a binary matrix of
presence data per allele per individual. However, because each allele is interpreted as a
separate variable, results may be dominated by variation at one highly polymorphic locus
even when variation on average is relatively low. We therefore also applied Instruct (Gao
et al. 2007) which, based on multi-locus genotyping data, uses a Bayesian clustering algorithm to assign individuals to a predefined set of K different gene pools in such a way that
each pool is characterized by its own set of allele frequencies. This program is an extension
of the Structure software (Pritchard et al. 2000), but relaxes some of its key assumptions.
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Most important, it does not assume populations to be in Hardy-Weinberg equilibrium, but
instead calculates expected genotype frequencies from estimated inbreeding rates. This
approach suits our population data better, which are likely far from Hardy-Weinberg equilibrium, as only few generations have passed, generations overlap and inbreeding rates are
expected to be high. Unfortunately, Instruct does not accept polyploid genotype data (H.
Gao, pers. comm.) and for the tetraploid taxa we applied STRUCTURE (v2.3.1), which has
been adapted to handle polyploid genotypes with ambiguous allele copy numbers (Falush et
al. 2007). Analyses were run for K-values of 1 to 8; the optimal value of K was determined
from log likelihood values following the method of Evanno et al. (2005). Results from
five MCMC chains (burn-in: 100,000 iterations; run length: 200.000 iterations; admixture
allowed) were matched using CLUMPP (Jakobsson & Rosenberg 2007). As chains were
very consistent (H¿0.995), they were combined to form a single output file, which was then
visualized using DISTRUCT (Rosenberg 2004).
To assess amounts of gene flow between our young populations, estimates based on
the number of migrations per generation (such as Nm ) are inappropriate as few generations
have passed and populations thus probably have not reached an equilibrium between drift
and migration (Whitlock & McCauley 1999). We alternatively performed tests of isolation
by distance using two different measures of pairwise genetic distance: one based on levels
of heterozygosity (GST ) and an alternative measure based on similarity in allelic variants
(Sörensen’s index of similarity, QS). Geographical distances between populations were calculated from GPS location data and correlations between geographical and genetic distances
were tested using Mantel tests in Genepop.

Results
Marker performance
The mean number of alleles per locus was 7.5 in the tetraploids A. trichomanes and P.
aculeatum, 8.3 in the diploid A. scolopendrium and 11.0 in the diploid P. setiferum. The
total number of observed alleles in the dataset ranged from 30 in A. trichomanes to 44
in P. setiferum. Tests of linkage disequilibrium per population for all combinations of loci
were non-significant (tested for diploids only), indicating random associations between loci.
Overall marker heterozygosities were low (mean heterozygosities of 0.13 for A. scolopendrium and 0.20 for P. setiferum), but higher when only European samples were included
(0.15 and 0.31 respectively).
Overall genetic variation and population differentiation
Ratios between allelic variability within and outside the Kuinderbos (Table 6.1) for each
species showed that well over half of the allelic variants sampled throughout the Netherlands, as well as those sampled throughout Europe, are already present in the Kuinderbos
populations. The acquired variation was especially high in A. scolopendrium, for which the
six populations harboured 83% of the variation found in a total of 25 populations across
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Figure 6.1: Maps of the Kuinderbos, showing the position of each sampled population, along with
the assignment of individual samples to K different gene pools as inferred by Bayesian clustering
analysis. Per population, each individual is represented by a vertical bar, in which different colours
show the proportional membership in each gene pool. The inferred value of K varies per species. a.
= Asplenium scolopendrium (K=3), b. = Asplenium trichomanes (K=3), c. = Polystichum setiferum
(K=4), d. = Polystichum aculeatum (K=4). The inlay in the right upper corner shows the position of
the Kuinderbos (black square) within the Netherlands.
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Europe. The high value for AKB /AN L in P. aculeatum is likely an overestimation, as only
three additional populations were sampled countrywide. Overall expected heterozygosities
in the Kuinderbos (mean HT per locus) ranged from 0.43 in A. scolopendrium to 0.57 in P.
setiferum.
Various measures of population differentiation consistently showed that, within the
Kuinderbos, the variation in alleles was clearly partitioned over populations. This was especially the case in A. trichomanes, P. setiferum and P. aculeatum, as shown by the low ratios
between allelic richness in the populations and overall allelic richness in the Kuinderbos
(A/AKB ; Table 6.2) and the relatively frequent occurrence of private alleles in populations
where this ratio was higher (Atri1-3, Pset5). Given the use of highly polymorphic markers
and the relatively low values of HS (Jost 2008), values of G00ST and GST can be considered high and indicate strong population differentiation across species (Table 6.3). Values
for Jost’s D were lower, but still high for all species except A. scolopendrium and showed
almost the same interspecific pattern as the other two measures. Population differentiation
was strongest in P. setiferum (G00ST = 0.906, D = 0.473); and weakest in A. scolopendrium,
although still significant (Table 6.3).
Results of principle components analyses (PCA) showed a clear separation of individuals from different populations along the first three components in both A. trichomanes and
P. setiferum (Figure 6.2). The same was true for population Pacu1 to Pacu4 in P. aculeatum, but populations Pacu5 and Pacu6 were more variable and contained several individuals
that fell in between clusters of other populations. A more diffuse pattern is present in A.
scolopendrium, although population Asco1 formed a separate and monomorphic group and
the other individuals were loosely separated into two groups along the first axis, with individuals from all populations but Asco6 divided over the two groups. This pattern in A.
scolopendrium was largely supported by the results of Bayesian cluster analysis (Figure
6.1), which suggested K=3 as the best-supported number of gene pools. Populations Asco1
and Asco6 were largely assigned to single gene pools, while the other populations contained
a mixture of individuals assigned to different pools. Most individuals were assigned to a
single gene pool (i.e. low admixture). In the other three species, cluster analysis assigned
Table 6.3: Measures of population differentiation (GST , G00ST and Jost’s D) and results of significance
tests of population differentiation (P-values, diploids only) based on randomization tests. Results of
tests for isolation by distance, based on Mantel tests correlating pairwise geographic distances with
either pairwise GST or pairwise Sörensen indices of similarity (QS). Significant P-values (<0.05) are
given in bold face. Species acronyms as in Table 6.1.

ASPS
ASPT
POLS
POLA

GST
0.161
0.199
0.711
0.268

Population differentiation
G”ST
Jost’s D
P
0.319
0.061
<0.001
0.510
0.227
NA
0.906
0.473
<0.001
0.531
0.198
NA

Isolation by distance
P (GST )
P (QS)
0.224
0.079
0.827
0.490
0.544
0.853
0.276
0.003
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populations, with some exceptions, almost entirely to separate pools without admixture
(Figure 6.1). In A. trichomanes the number of pools equalled the number of populations.
Two individuals of population Atri2 were assigned to the gene pool associated with population Atri1, two admixed individuals were found in Atri1. In both polystichoids the inferred
number of pools was four. In P. setiferum, the small population Pset4 was assigned to the
same gene pool as the nearby population Pset3. Population Pset6, the only population with
a heterozygous founder (Table 6.1), showed differentiation between individuals and a presence of admixed genotypes. In accordance with PCA results, Bayesian inference showed
various individuals with admixed ancestry from all four identified pools in population Pacu5
and Pacu6.
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Figure 6.2: Principle components analysis (PCA) based on presence data per allele per locus. Position
along the first three principle components is plotted for each genotyped individual. Note that individuals with the same multi-locus genotype overlap each other in the plot. Different colours represent
different populations. a. = Asplenium scolopendrium, b. = Asplenium trichomanes, c. = Polystichum
setiferum, d. = Polystichum aculeatum. The cumulative percentage of variation explained by the first
three components was 48.5%, 83.5%, 66.9% and 59.4% respectively for the four species.
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Within-population genetic variation and heterozygosity
Both allelic variability (A and Ar ) and expected heterozygosities (He ) were low in most
populations in all four species (Table 6.2). In two populations of P. setiferum and one
population of both P. aculeatum and A. scolopendrium only a single multi-locus genotype
was found among the samples (Ng = 1). The remaining populations of all species, except
those of A. scolopendrium and Pacu5 and Pacu6 of P. aculeatum, lacked variation at some
loci (1-3). In all but one population of A. scolopendrium (Asco1), almost every sampled
individual contained a unique multi-locus genotype (Table 6.2). Observed heterozygosities
were, however, low in both diploid species, resulting in high inbreeding coefficients (F).
Considerable inbreeding was also detected in all but one population of P. setiferum. Strong
outcrossing (F << 1) was detected in population Pset6. Due to unknown allele dosages,
Ho and thereby F, remained ambiguous in the polyploid species.
Founding individuals
Founder plants could be identified for four populations in both polystichoids based on inventory data. All founder plants of the diploid P. setiferum were completely homozygous at the
tested loci, except for the founder of population Pset6. In one population of the tetraploid
P. aculeatum (Pacu3), the founder plant showed only a single allele at all four loci, while
in three other populations (Pacu1, Pacu2, Pacu4) the founder had two alleles at some loci.
However, the same combination of alleles was present in most other samples of population
Pacu3, suggesting that this still represents a homozygous genotype (with different alleles
located at homoeologous chromosomes). In both species, the multi-locus genotype of the
founder plants was the most abundant genotype in its population and a majority of the sampled individuals per population contained the full genotype of the founder.
Isolation by distance
Pairwise GST values were mostly high across species (Table 6.3). In both polystichoids
a much lower GST and higher QS was found for a single pair of populations located in
adjacent trenches (Pset3 - Pset4 and Pacu5 - Pacu6, geographical distance ≤40 m). No
significant isolation by distance (IBD) effects were found based on pairwise estimates of
GST (Table 6.4). Mantel tests based on pairwise Sörensen similarity indices, however, did
show strongly significant IBD in P. aculeatum (P = 0.003). This effect in P. aculeatum was
mainly driven by a strong overlap in alleles between the nearby populations A5 and A6, but
was still significant (P = 0.014) when these populations were merged.

96

Chapter 6

Discussion
Strong population differentiation due to multiple colonization events
While low immigration rates are generally expected to result in genetically differentiated
populations with low levels of genetic variation within populations (Schaal & Leverich
1996), the actual genetic signature of populations in isolated habitats will be very much
dependent on their colonization history (Pannell & Dorken 2006). The establishment of
multiple spatially separated populations in the Kuinderbos could have resulted from two different scenarios. If arrival of spores by LDD was extremely rare, long-distance colonization
might have occurred only once (or very rarely) and might have been followed by secondary
founding via local dispersal. This would imply that local gene flow is possible and that local
populations have a shared ancestry, resulting in limited spatial genetic structure. The fact
that for our study species several populations established more or less simultaneously in
different parts of the forest since its plantation around 1950 (Table 6.2), suggests a different
scenario, in which LDD was sufficiently common to allow multiple independent colonization events. As long as genotypic diversity among the arriving colonizers is sufficiently
high, this scenario would initially result in a high overall genetic diversity and strong spatial
genetic structure (strong population differentiation but no IBD). All our analyses consistently showed this pattern and indicated that all four studied species indeed colonized the
Kuinderbos by means of multiple independent colonizations. However, the fact that such
strong genetic evidence for this particular colonization history can still be shown in the
current populations is surprising, even given their young age, as this particular signature
of colonization is easily erased by subsequent gene-flow between populations (Pannell &
Dorken 2006). Apparently, local (meta-)population dynamics (a combination of inbreeding
and limited dispersal) have strongly restricted the possibilities for gene flow over the last
decades. It should be noted, however, that only a limited number of generations has passed
since colonization.
The observed pattern of low diversity per population and high overall genetic diversity
and differentiation among populations in the Kuinderbos thus most likely was determined
and maintained by a combination of factors, including a rich diversity among arriving colonizers, limited time since population establishment, and limited local gene flow due to high
selfing and/or limited local dispersal. However, the exact importance of these factors varied
both between populations and between species. Below, their separate and combined effects
on fern population genetic patterns in isolated habitats will be discussed in more detail.
Regular arrival of diverse spores by long-distance dispersal
Given the large distances to possible spore sources, spore rains reaching the Kuinderbos
can be expected to be sparse for all four study species, and especially for the polystichoids.
However, the fact that all study species, except for A. trichomanes subsp. quadrivalens,
established a large number of populations via independent dispersal events within a few
decades shows that considerable numbers of spores reach the Kuinderbos within a period of
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70 years maximum (starting when the sea-bottom soil was drained). The same is suggested
by a study on the young soil spore banks in the Dutch polders, which showed low dispersal
limitation and the arrival of various very rare species (Chapter 2). This might mean that
dispersal over large distances might be a less rare event than is generally appreciated, a suggestion that was also recently done by Shepherd et al. (2009) and Perrie et al. (2010) based
on evidence for repeated dispersal of Asplenium hookerianum over hundreds of kilometres
from New Zealand to two remote oceanic islands.
Interestingly, spores did not only arrive in considerable numbers, but also were genetically diverse. This was shown by overall high expected heterozygosities (HT ), the presence of a remarkably high part of the European allelic diversity in the Kuinderbos (high
AKB /AEU R ), and the fact that Bayesian clustering analysis indicated separate population
founders to be of clearly distinct origin. The observed high allelic diversity could be thought
of as to result from the “inverse isolation effect” (Sundberg 2005), a hypothesis predicting an
increase in spore rain diversity with increasing isolation, as a result of the fact that the majority of spores reaching isolated habitats originates from a large number of source populations,
while less-isolated habitats are swamped by spores from a few nearby sources. Species differences in the amount of European diversity present in the Kuinderbos are, however, in
clear contrast with this theory. Values for AKB /AEU R were highest for A. scolopendrium,
for which nearest source populations are located ±30 km away, while being lower for P.
setiferum and P. aculeatum, which must have dispersed over much larger distances (100 to
250 km; Bremer 2007). This pattern can be explained by a lack of geographic structure in
genetic variation at a European scale, as Sundberg’s (2005) theory can only be valid if an
increase source area results in a larger total diversity among source populations. In case
large scale phylogeographic structure is limited in A. scolopendrium, the “inverse isolation
effect” does not apply as few nearby sources may show an equally high variation as a combination of many distant sources. Detailed studies on European fern phylogeography might
help to resolve this issue.
Limited local dispersal
Our results indicate low genetic mixing between relatively nearby populations in the first
decades after colonization. We found no indications for isolation by distance in three of the
four species. This result is, at least for P. setiferum and A. trichomanes subsp. quadrivalens,
most likely due to limited gene flow between populations with independent genetic histories. Fern dispersal kernels are known to be strongly leptokurtic (Penrod & McCormick
1996), and a very low wind speed underneath the forest trees and especially in the deep
trenches inhabited by the study species will have hampered local dispersal even further
(Bremer 2007). Occasional dispersal seems to have occurred, but mainly to populations in
the same trench or directly adjacent trenches. Both in P. setiferum and P. aculeatum, we
found some evidence of such short-distance dispersal, as in both species a strong genetic
similarity was found between two populations located only tens of meters apart in adjacent
trenches. In both cases, successful dispersal from one population might have resulted in
the establishment of the other. While absence of evidence for isolation by distance is often
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interpreted as an indication for strong mixing between populations (e.g. Pálsson 2004), here
we show that such a relationship should not be drawn at face value. The age of a population
and other ecological factors are of vital importance in interpreting this pattern.
Some indications for correlations between geographic and genetic distances were found
for A. scolopendrium and P. aculeatum. Evidence of gene flow was especially strong for
A. scolopendrium, which showed both a mixture of individuals of different genetic origin
within populations and occasional presence of recombinant individuals. These higher migration rates may result from the species’ ten to fivehundred-fold larger local abundance
compared to the other species. Populations are both larger and more abundant, which currently results in merging of populations within trenches and a high chance that adjacent
trenches contain sporulating individuals. Stepwise migration via populations in between the
studied populations may therefore explain the observed gene flow, especially in the northwestern part of the forest, where the species is historically most abundant (Figure 6.1a).
Polystichum aculeatum, the second most abundant of these four species in the Kuinderbos,
has a similar distribution as A. scolopendrium (Figure 6.1d) and shows a comparable pattern
of lower pairwise genetic distances between populations in the north-western part.
Bayesian analysis suggested a few individuals in two populations of A. trichomanes
subsp. quadrivalens to result from dispersal between local populations. Their actual multilocus genotypes are, however, not a mixture of genotypes from any combination of the three
populations present. Most likely, genetic variation in these populations must be attributed
to the arrival of additional genotypes via LDD. A single, genetically distinct, LDD-based
immigrant will however not easily be detected by clustering analysis, but rather will be
assigned to one of the more common gene pools. Previous studies on A. trichomanes and
other rock-dwelling asplenioids also suggested genetic variation within populations to be
the result of LDD rather than local migration (Schneller & Holderegger 1996; Suter et al.
2000; Pryor et al. 2001). The Structure algorithm is, however, unable to detect such sole
representatives of additional gene pools, leading to an underestimation of K.
The detection of genetic variation in the Kuinderbos populations of A. trichomanes
subsp. quadrivalens is, however, in marked contrast with previous results from a pilot study
using allozymes, carried out at the Natural History Museum in London, which suggested
all variation to be allocated among the three populations (G.A. de Groot and J.C. Vogel, unpubl. res). Our and other data (Pryor et al. 2001; Woodhead et al. 2005) show that previous
studies using allozymes or AFLPs will have underestimated migration rates and levels of
genetic variation.
Mating systems during and after colonization
Polyploid rock ferns often show high levels of inbreeding and low genetic variation, a pattern attributed to their abilities for single-spore establishment by means of intragametophytic selfing (Schneller & Holderegger 1996; Vogel et al. 1999b,c; Suter et al. 2000).
In contrast, many diploids are outcrossers, harbouring significantly higher levels of genetic
variation within populations (Soltis & Soltis 1988; Hunt et al. 2009). Spatial genetic structure has been detected for some outcrossing rock-dwelling ferns, but this was attributed to
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either the patchiness of their habitat or a limited availability of safe-sites for germination
(Soltis et al. 1989). Both cause differentiation by non-random mating as a result of spatial aggregation of individuals over multiple separate patches. We found, however, strong
population differentiation even in recently founded populations of two reportedly outcrossing diploids, a pattern most likely due to their colonization history rather than subsequent
genetic drift. Especially in the diploid P. setiferum, most populations where (almost) completely monomorphic. Even though this species has previously been described as an obligate
outcrosser (Pangua et al. 2003), this pattern is best explained by single-spore colonization
via intragametophytic selfing. Genotyping of known founder plants supports this theory: all
except one were homozygous at all loci scored. The only population of P. setiferum which
contained a heterozygous founder also showed a low inbreeding coefficient and mostly heterozygous offspring. Apparently, even diploid ferns generally found to be outcrossing do
show intraspecific variation in selfing potential, as previously observed in A. scolopendrium
(Wubs et al. 2010). Mate limitation during long-distance colonization will have strongly
limited establishment by other means than through intragametophytic selfing, leading to
strong selection for selfing genotypes and a frequent occurrence of inbreeding in populations (e.g. Flinn 2006).
In the absence of genetic variation in a population, self- and cross-fertilization will both
lead to inbred offspring (e.g. Keller & Waller 2002). High inbreeding coefficients (F) can
thus be the result of a mating system driven by intragametophytic selfing, as well as of a lack
of genetic variation. Genetic isolation and small population size may lead to strong founder
effects, and thereby a functionally inbreeding population. This effect is especially strong
in fern populations founded by intragametophytic selfing, even if the founding genotype
has a mixed mating system. In such cases the founder plant is completely homozygous
and outcrossing rates are thus initially dependent on the influx of new genotypes (Wubs et
al. 2010). Inbreeding coefficients are high in most studied populations in the Kuinderbos,
indicating low rates of outcrossing. Drawing conclusions about the ratios between intraand intergametophytic selfing and thus the intrinsic mating strategy of the involved species
and genotypes is, however, very difficult. Recent breeding experiments with Kuinderbos
genotypes showed high capacities for intragametophytic selfing for all four species (Chapter
5). As mate limitation is common in these ferns, rates of self-fertilization might remain high
as long as the founding genotype, capable of intragametophytic selfing, remains dominant
in the population.
Even in populations of A. scolopendrium, which showed higher levels of mixing and
genetic variation, inbreeding coefficients were remarkably high (0.448-0.740). The lack of
heterozygotes, combined with the high numbers of multi-locus genotypes within populations, suggests that the variation in these populations is largely due to input of new genotypes, which subsequently reproduce by inbreeding instead of mixing (Pryor et al. 2001).
Although Wubs et al. (2010) showed that many genotypes of A. scolopendrium have a
mixed mating system and produce more sporophytes by outcrossing than by selfing, our
results suggest that outcrossing has until now been very limited in the local populations.
This pattern may partly be an effect of the limited number of generations that has passed,
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but can also be expected for ferns with a mixed mating system, as long as mate limitation
is sufficiently high and/or local conditions are sufficiently benign to allow the survival of
inbred individuals with a somewhat lower fitness (Wubs et al. 2010). Based on the low
numbers of multilocus genotypes, populations of the other study species might experience
even higher genetic isolation and inbreeding rates.
Interspecific variation in colonization success
The putative repeated population establishment through intragametophytic selfing indicates
a regular arrival of genotypes with a low genetic load in all four studied species. This suggests that mating strategies do not limit the colonization of new habitat patches by fern
species, even under the constraint of LDD and even for generally outcrossing taxa. A filtering effect for selfing genotypes may reduce the incidence of successful colonization events,
depending on the intraspecific variation in mating strategies and the abundance and genetic
diversity of the arriving spores, and this may affect local numbers of plants. However,
while overall high capabilities for rapid establishment in temporarily available micro-sites
suitable for establishment (rates of germination and juvenile growth, breeding system) are
strong determinants of local success (Flinn 2007), we hypothesize that a greater versatility in habitat preferences explains the relative success of some species in the Kuinderbos.
Although still being considered to be a strong habitat specialist, only colonizing habitats
that provide shade, moisture and high pH, in north-western Europe A. scolopendrium is
regularly found in deciduous woodlands, on streambanks and hedgebanks and along hollow
roads (Hegi 1965; Page 1997). This may explain the relatively high speed at which this
species has been able to colonize the sandy soils of the Kuinderbos trench walls. The same
ability to colonize soil substrates is to some extent found in P. setiferum and P. aculeatum.
Soil-dwelling individuals of these three species have been reported from various locations
in the Netherlands. Apart from the Kuinderbos, we do know, however, of only one such
record for A. trichomanes subsp. quadrivalens (Willems 2005). All other reported examples of soil-dwelling individuals of A. trichomanes sp. concerned a different subspecies, A.
trichomanes subsp. trichomanes. Although Asplenium trichomanes subsp. quadrivalens
occurs on calcareous and siliceous substrates with a broad range in pH, it grows, unlike its
relative, almost exclusively on steep or vertical rock surfaces (Bouharmont 1968; Rasbach
et al. 1991). In Europe, its occurrence outside the mountainous areas where such habitats
occur is mainly due to its ability to effectively colonize the mortar of old walls (e.g. Lovis
1955). Future experiments should clarify whether variation in habitat preferences among
genotypes of A. trichomanes subsp. quadrivalens can explain the fact that a few genotypes
were able to colonize the drainage trenches of the Kuinderbos. Such variation is not unlikely, as the allopolyploid subspecies quadrivalens probably originated multiple times, in
different parts of Europe (Vogel 1995). The various hybridization events of its progenitors
(A. trichomanes subsp. trichomanes and A. trichomanes subsp. inexpectans) will likely
have involved different genotypes of one or both species (Vogel 1995), resulting in different
inbred lineages of A. trichomanes subsp. quadrivalens with potentially slightly different
habitat requirements.
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Conclusions
The ability of ferns to disperse their spores over huge distances has long been known (Tryon
1970), but the frequency of immigration by long-distance dispersal, and how this varies between species and with distance from the spore source, has rarely been studied. Our results
for four different species consistently show that dispersal over large distance is not a rare
event. Isolated habitat patches may regularly receive spores from multiple distant sources,
allowing the establishment of considerable genotypic diversity within a few decades after habitat creation. This pattern of long-distance colonization results, however, in a very
patchy spatial distribution consisting of various small clusters of individuals, with a very
distinct genetic signature in which all variation is partitioned among clusters. These results are consistent with general expectations for peripheral populations (Arnaud-Haond et
al. 2006; Eckert et al. 2008) and the results of previous studies on rock-dwelling populations of A. trichomanes subsp. quadrivalens and other polyploid rock ferns (Schneller &
Holderegger 1996, Vogel et al. 1999c, Suter et al. 2000, Pryor et al. 2001) and attributed
to multiple events of single-spore colonization via intragametophytic selfing. We show,
however, that this scenario and the resulting genetic pattern can occur across species that
differ in ploidy and dominant mating system, rather than being limited to polyploid selfers.
Apparently, even some diploid species with a high proportion of outcrossing genotypes are
capable of frequent single-spore colonization and show this capability in isolated habitats.
Moreover, we show that the resulting genetic pattern not only occurs in very heterogeneous
habitats (i.e. the patchy habitats normally inhabited by rock ferns), but can occur even in
large uniform strips of suitable habitat as exist in the Kuinderbos. Thus, genetic differentiation among isolated populations may result from their effective dispersal and broad range of
mating strategies alone, instead of necessarily being driven by their patchy habitats. Limited
gene flow can conserve the genetic signature of multiple colonization events for decades.
This is an important consideration for conservation of genetic diversity, as extinction of a
single population (e.g. by habitat destruction) will result in a considerable loss of genetic
diversity. In contrast with mountainous habitats, this pattern may, however, be easily erased
over time in uniform habitats like the Kuinderbos, as ongoing establishment in between the
original clusters increases the potential for (stepwise) gene flow. Increased opportunities for
outcrossing and mixing between gene pools may primarily be a result of increasing local
abundances, rather than being a main determinant of these abundances. Nevertheless, increased outcrossing rates will boost local abundances even further for species in which most
genotypes have mixed or outcrossing mating systems.
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Table 6.4: Pairwise genetic distances between Kuinderbos populations of A. scolopendrium (a.), A.
trichomanes (b.), P. setiferum (c.) and P. aculeatum (d.). Genetic distances were calculated both as
pairwise GST (values below the diagonal) and by the Sörensen Similarity Index (QS; values above
the diagonal). Population codes as in Table 6.2.
a.
Asco1
Asco2
Asco3
Asco4
Asco5
Asco6
b.
Atri1
Atri2
Atri3
c.
Pset1
Pset2
Pset3
Pset4
Pset5
Pset6
d.
Pacu1
Pacu2
Pacu3
Pacu4
Pacu5
Pacu6

Asco1
0.163
0.095
0.133
0.159
0.369
Atri1
0.090
0.219
Pset1
0.565
0.500
0.363
0.582
0.521
Pacu1
0.176
0.352
0.201
0.211
0.125

Asco2
0.417
0.031
0.013
0.061
0.082
Atri2
0.629

Asco3
0.604
0.658
0.017
0.024
0.147

Asco4
0.375
0.550
0.475
0.018
0.112

Asco5
0.500
0.611
0.649
0.500

Asco6
0.350
0.471
0.375
0.593
0.483

0.088

Atri3
0.601
0.625

0.355
Pset2
0.250
0.565
0.477
0.475
0.551
Pacu2
0.588
0.284
0.118
0.158
0.126

Pset3
0.500
0.250
0.113
0.607
0.187
Pacu3
0.500
0.500
0.293
0.263
0.257

Pset4
0.500
0.250
0.750
0.517
0.330
Pacu4
0.556
0.459
0.542
0.162
0.143

Pset5
0.322
0.317
0.267
0.350

Pset6
0.333
0.133
0.667
0.333
0.222

0.406
Pacu5
0.561
0.603
0.447
0.552
0.045

Pacu6
0.561
0.595
0.488
0.408
0.862
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Abstract
Environmental variation may result in changed population dynamics. This environmental
sensitivity may vary between species, for instance due to differences in ploidy level. However, such effects remained unknown for ferns, as their population dynamics were understudied. We therefore compared the demography of two closely related ferns: the tetraploid
Polystichum aculeatum and its diploid progenitor Polystichum setiferum.
Matrix models were used to assess the effects of differences in life history on population
dynamics under varying winter conditions. We analysed the contributions of all key aspects
of the fern life-cycle to (differences in) population growth, including, for the first time, the
gametophytic generation.
Projected population growth rate (λ) was much higher in P. aculeatum (1.516) than in
P. setiferum (1.071) under normal winter conditions. In contrast to expectations based on
its more winterhard fronds, the population growth rate of P. aculeatum showed a much
stronger reduction under harsh winter conditions, resulting in nearly equal values for both
species (just below unity). Both the differences in population growth between species and
between normal and harsh winter conditions were mostly due to recruitment-related factors.
Our results provide a first indication that polyploidization in ferns can have a significant
effect on population dynamics. Reduced inbreeding depression in polyploids may result in
clearly higher recruitment rates. Furthermore, we show that populations of closely related
ferns can show large and unexpected differences in climatic sensitivities. These findings
help to explain differences in abundances and distributional ranges between fern taxa.
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Introduction
Variation in environmental conditions often results in changes in the population dynamics of plant species (e.g. Gotelli & Ellison 2002; Dahlgren & Ehrlén 2009, 2011). As
these population dynamic processes strongly depend on life-history traits, environmental
sensitivity will vary between species, and even more so between plant groups. Detailed
investigations of the demographic effects of temporal and spatial environmental variability across taxa are essential to gain a better understanding of differences in distributional
patterns and local abundances, as well as to predict the potential impact of global environmental changes on the viability of plant populations. Addressing this impact is especially
relevant for the conservation of rare species with small and scattered populations (Stacey
& Taper 1992; Schemske et al. 1994), among which many North-American and European
rock ferns (Wild & Gagnon 2005; Bucharová et al. 2010).
Unfortunately, the population ecology of ferns remains highly understudied (Sheffield
1996; Bucharová et al. 2010). It is hardly known which aspects of the complex life-cycle of
ferns are most critical for their population performance, or how their population dynamics
vary between species and under different climatic conditions (Sharpe & Mehltreter 2010).
The fern life-cycle comprises two free-living generations: the gametophyte and the sporophyte. Past demographic studies focused on the sporophytes, investigating either their stage
structure (e.g. Bremer 1995; Rünk et al. 2006) or phenological variables such as size,
number and fertility of fronds (e.g. Greer & McCarthy 2000; Mehltreter & Palacios-Rios
2003). As the small (1 cm2 ) gametophytes are easily overlooked on the soil surface and
normally cannot be identified based on their morphology (De Groot et al. 2011a; Chapter 2), they have largely been neglected in studies of natural fern populations. Difficulties
to incorporate the gametophyte stage have furthermore hampered the application of available modelling tools for the evaluation of the population-level implications of life history
traits (e.g. matrix models; Caswell, 2001). Recently, three studies have attempted to study
fern population dynamics by means of matrix modelling (Bremer 2004; Bremer & Jongejans 2010; Bucharová et al. 2010), but all without including the gametophyte stage in
their models. Yet, because the ecological requirements of the gametophyte and sporophyte
generation can be very different (Watkins et al. 2007), any comprehensive study on the lifehistory traits that determine the environmental sensitivity of populations should take both
generations into account (Sharpe & Mehltreter 2010).
Even sympatrically occurring strongly related ferns can show strong demographic differences and respond differently to changes in their environment (e.g. Rünk et al. 2006).
Among-species comparisons are therefore essential to assess how species differences in
life-history affect their relative population performance under varying conditions. Such
comparisons ideally include pairs of close relatives, to confine the number of differences
studied at once and to keep habitat requirements as constant as possible. In this study, we
indeed compare a closely related and sympatrically occurring species pair: the allotetraploid
fern Polystichum aculeatum (L.) Roth and one of its diploid parents, Polystichum setiferum
(Forsk.) Woynar. Although both species have widespread European distributions, in north-
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ern Europe (e.g. The Netherlands) P. aculeatum has more and larger populations and is
expanding more rapidly (Bremer 2007). Sudden population declines and occasional population extinction has been observed for P. setiferum (Bremer 1995). However, the causes of
these performance differences remain unsure.
A first hypothesis is that differences between the two species result from variation in recruitment success, related to their difference in ploidy level (i.e. the number of gene copies
present). Although the demographic impacts of polyploidization on population dynamics
are poorly understood, a first study on herbs by Münzbergová (2007) indicated that these
effects can be substantial. Similar results can be expected for ferns, as ploidy level has
been shown to affect several recruitment-related vital rates in this plant group, primarily by
affecting levels of inbreeding depression. (Allo)polyploids may show reduced inbreeding
depression (Lande & Schemske 1985), because the larger number of gene copies reduces
the expression of genetic load (i.e. deleterious recessive alleles). As a result, polyploid
ferns often show an increased potential to self-fertilize (Masuyama & Watano 1990; Barringer 2007). Inbreeding depression may also act at a later stage by affecting the fitness of
inbred sporophytic progeny or the production of viable spores (Husband & Schemske 1996;
Mogensen 1978). As a result, the less affected polyploid ferns may have higher spore viabilities than their diploid ancestors (Galán & Prada 2011). For Spanish populations, Pangua
et al. (2003) indeed showed that the polyploid P. aculeatum had much higher germination
rates and a high selfing potential, while the diploid P. setiferum was an obligate outcrosser.
An alternative hypothesis relates to observed differences in frond morphology and phenology between the two species, caused by the fact that the allotetraploid species contains
the genetic information of both of its parents. Plants of P. aculeatum possess the large frond
size of P. setiferum, but the frond toughness known from its other parent, Polystichum lonchitis (L.) Roth (Page 1997). As a result, fronds of P. aculeatum are more frost-resistant and
persist harsher winters. Winter-induced frond damage and mortality has been shown to have
a strong negative effect on fern population dynamics (Bremer 2004; Bremer & Jongejans
2010). Therefore, we expected population growth rates of P. setiferum to suffer more from
harsh winter conditions than those of P. aculeatum.
We constructed matrix models for both ferns, including for the first time the gametophyte stage, based on demographic data obtained from 2.5 years of monitoring populations
in a Dutch planted forest. We investigated which aspects of the species’ life histories were
critical for population performance, and how differences in life-history affected the relative
population dynamics of the polyploid and its diploid progenitor. As the second year of monitoring included an extraordinarily harsh winter (Cattiaux et al. 2010), we could compare
the effect of frost stress on population dynamics across species. Herewith, our study represents a first attempt to study the effects of polyploidization on fern population dynamics, as
well as a more detailed analysis of the sensitivity of fern demographic processes to climatic
variability.
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Materials and methods
Study species
Polystichum aculeatum and P. setiferum are two native European ferns, with a widespread
occurrence throughout Europe. However, as both species are calcicole rock ferns, the centre of their distribution is located in the mountains of southern and western Europe. In the
Netherlands both species are rare (Bremer 2007) and subject to conservational programs
(Maes & Bakker 2002). The largest Dutch populations occur on the calcareous former seabottom of the Dutch polders. In the rest of Europe, P. aculeatum mainly occurs in upland
woods, while P. setiferum is often found in river-valley woodland. Polystichum aculeatum
is an evergreen species with tough, leathery-textured fronds that expand in spring and remain green until after the following year’s fronds are sporulating (Page 1997). Polystichum
setiferum has larger, more delicate fronds and is semi-evergreen: fronds normally remain
green throughout winter, but the overlapping period with next year’s fronds is restricted and
in The Netherlands fronds die off during harsh winters. Ripe sporophyls are observed in late
summer (August) in both species. Almost all viable spores are dispersed within a period of
a few weeks (G.A. de Groot, pers. obs.).

Studied populations
The Kuinderbos (52.8°N, 5.8°E) is a recently planted forest (1949-1954) on Dutch polder
land reclaimed from a former sea inlet in 1942. The calcareous sand of the soil top layer is
intersected by numerous drainage trenches. Underneath the evenly aged tree stands of the
forest, a surprisingly high diversity of ferns has established (Bremer 2007). Along with several other rare calcicole ferns, P. aculeatum and P. setiferum established several populations
across the forest by means of long-distance dispersal, all on the walls of drainage trenches
(Bremer 2007). Of these two species, P. aculeatum has been more successful locally, now
having more and larger populations (Bremer 2007).
Two young populations of each species were selected randomly for monitoring. At
each location an inventory plot was demarcated, which comprised the entire trench-part
occupied by the (sporophyte) population. Plots comprised both opposite sides of the trench.
Plot edges were positioned at a distance of 1 m from the outermost sporophytes of the
population.
The four plots were located in different parts of the forest. Yet, edaphic conditions were
very similar across sites (see Table 7.1). Small differences were present in light intensities
and the slope of the trench walls. The general similarity of the habitat conditions across
plots was supported by a high similarity in accompanying fern species, which included
Dryopteris affinis (Lowe) Fraser-Jenk., Dryopteris filix-mas (L.) Schott, Dryopteris dilatata
(Hoffm.) A. Gray, Athyrium filix-fermina (L.) Roth and Asplenium scolopendrium L..
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Table 7.1: Site description of the monitored populations of Polystichum aculeatum (POLA) and
Polystichum setiferum (POLS) in the Kuinderbos. Plot area is the sum of the covered area of the
two opposite trench walls. Light is expressed as relative intensity of PAR compared with the open sky,
and was measured in January (winter) and August (summer) 2009. Mean values for soil pH (in H2 O),
and total soil nitrogen (N) and phosphorus (P) contents were based on data obtained from six samples
of the top soil layer (0-5cm) taken from both opposite trench walls at the middle and outer ends of the
plot. Total N and P contents were determined using an continuous flow analyser (Skalar Analytical
B.V., Breda, The Netherlands) after acid digestion (modified Kjeldahl destruction) of air-dried soil
samples.
Species:
Population:
Plot area (m2 ):
slope of trench wall (°):
Light winter (%):
Light summer (%):
Mean soil pH:
Total soil N content (g kg−1 ):
Total soil P content (g kg−1 ):
Dominant tree cover:

P. aculeatum
POLA-1
POLA-2
37.1
33.6
52.0
64.0
42.0
61.2
2.3
4.2
8.4
8.2
1.5
1.7
0.4
0.3
Quercus/Fraxinus Fraxinus

P. setiferum
POLS-1
POLS-2
24.1
44.1
57.0
37.0
17.9
45.5
2.5
1.7
8.1
8.3
1.9
1.4
0.4
0.4
Fagus/Picea Fraxinus

Climatic conditions
Averages of temperature, rainfall, wind speed and sun hours did not (or hardly) differ between the two complete years of which census data were used for matrix modelling (see
below), but years strongly differed in winter harshness, i.e. snow cover and especially frost
(De Vries 2011). An indication of frost stress for The Netherlands is the Hellmann value,
the sum of the absolute mean temperatures of winter days colder than 0 °C (KNMI, 2011),
a value that usually ranges from 40 to 100. Based on data of a weather station located ±4
km from the Kuinderbos, the Hellmann value was 49.9 in the winter of year 1, but reached
135.2 in year 2 (KNMI 2011). This was the coldest winter of this century and the third
coldest of the last twenty years. The two winters preceding our monitoring were relatively
warm (Hellmann = 4.8 in 2006-2007 and 20.3 in 2007-2008).
Data collection
Population censuses were carried out twice a year, starting in January 2008 and ending in
August 2010. Winter censuses took place in late January or early February (after all snow
had melted) and summer censuses took place in late July or August. Thus, changes were
recorded over a ’warm’ season including spring and most of summer and a ’cold’ season
including autumn and most of winter. During each census, new sporophytes were marked
and numbered individually. Number of fronds and length of each frond were determined for
all individuals. Additionally, for fertile plants, the number of fertile fronds and the lengths
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of the spore-bearing frond parts (measured from the top of the frond) were measured. Very
small sporophytes (fronds <2cm) were sometimes difficult to identify at first census, but
most could be identified during the second census. As gametophytes were found to occur
in clusters on the trench walls, such clusters (<1 dm2 ) were marked and numbered. Gametophyte abundances were assessed per cluster using a system of categories: 1: single
individual, 2: two to ten individuals, 3: ten to twenty individuals, 4: more than twenty individuals. These scores were subsequently translated into numerical abundances per cluster
by taking class midpoints. It was assumed that almost all gametophytes within the plot belonged to Polystichum spp. This approach may overestimate the number of individuals in
this life stage. To assess the extent of this inaccuracy, ten gametophytes per plot were harvested randomly for molecular identification by DNA barcoding, following the procedure
described in Chapter 2. The positions of all sporophytes and gametophyte clusters were
determined in relation to a fixed point outside the plot and mapped during each census to
account for potential loss of field tags.
In May and November 2009 the soil top layer (0-5cm) was sampled at six locations per
population for spore bank analysis. Each sample was spread out in the greenhouse of the
Botanical Gardens of Utrecht University to allow germination of any viable fern diaspores.
After four months, the number of gametophytes was scored per box. Ten gametophytes
per population were selected randomly for identification by DNA barcoding. Boxes were
kept in the greenhouse for five more months to allow sporophyte formation. All formed
sporophytes were transplanted and cultured until they could be identified morphologically.
Statistical analyses
Paired-samples t-tests were used to compare the number of germination events (number of
new gametophytes produced per m2 ), fertilization events (total number of new sporophytes
produced per m2 ) and fertilization success (proportion of surviving gametophytes producing a sporophyte) between species across years and seasons. The effects of species, season
and year of monitoring (from summer to summer) on gametophyte survival were tested by
binary logistic regressions, using all three factors as main effects and including all interactions. The same type of analysis was used to relate both sporophyte reproductive probability
(chance of a plant to be fertile) and survival to plant size, measured as the maximum frond
length (Lmax ). Regressions were performed per species and per year. Spore production of
all fertile plants in a given year was calculated from field measurements of number of fertile
fronds per plant and length of the fertile frond parts, using equations newly developed and
parameterized for this purpose (see Appendix V). All statistical analyses were performed in
SPSS (v. 16.0; SPSS Inc., Chicago, IL, USA).
Life stages and transition matrix construction
Individuals were assigned to one of seven life stages, designed to represent groups of expected different performance within the entire life-cycle. Life stages were similar for both
species. One gametophyte stage and six sporophyte stages were distinguished (Table 7.2).
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Table 7.2: Definitions of the chosen life stages. POLA: P. aculeatum, POLS: P. setiferum. Stage
borders of the sporophyte stages are defined based on maximum frond lengths (Lmax ).

1

Stage code
G

Stage borders (Lmax )
–

2
3
4

Sp
J
SA

5

F1

6

F2

7

F3

0.5 - 2.5 cm
3 - 9 cm
10 - 22 cm
POLA: 23 - 37 cm
POLS: 23 - 57 cm
POLA: 37 - 48 cm
POLS: 57 - 81 cm
POLA: ≥49 cm
POLS: ≥82 cm

Description
Gametophytes
Sporeling (sensu Bremer & Jongejans 2010).
Young sporophyte, often still attached to
parent gametophyte. Non-fertile.
Juvenile sporophyte. Non-fertile.
Sub-adult sporophyte. Non-fertile.
Adult sporophyte, class 1.
Reproductive probability: 1 - 49%
Adult sporophyte, class 2.
Reproductive probability: 50 - 94%
Adult sporophyte, class 3.
Reproductive probability: 95%

Sporophyte stage boundaries were defined based on maximum frond length (Lmax ). Since
maximum size differs between the species, as did the change to become fertile at a certain size, size boundaries between the three fertile stages were defined separately for each
species (Table 7.2), based on the estimated relation between Lmax and reproductive probability. For each species, regression equations were used to calculate the mean Lmax at
which reproductive probability equalled 1%, 50% and 95%.
To be able to analyse the differences in vital rates in the ’warm’ and ’cold’ season and
their effects separately, we established five half-year transition matrices per species (three
warm and two cold seasons). As almost all viable spores are dispersed in summer, annual
fertility matrices could be calculated (for year 1 (2008/2009), and year 2 (2009/2010)) based
on summer measurements of fertility and recruitment after one year. Seasonal growth and
survival transition matrices (T) and annual reproduction matrices (F) were combined into
annual projection matrices (A), projecting transitions from summer to summer: (Caswell,
2001):
A = Twarm × Tcold + F

(7.1)

This results in the transition matrix shown in Table 7.3, in which each element is defined
by a combination of vital rates (see Appendix VI) for a full list of codes, their meaning and
values). Per species, observations from different populations were pooled. Gametophyte
transition rates (germination and survival rates) were assessed by summarizing the changes
in abundance per cluster over all clusters detected. Survival rates of sporophyte stages
(σ2 − σ7 ) were estimated from the logistic regressions between size and survival by filling
in class midpoints for Lmax Ḃased on the results of our spore bank analysis, we assumed that
all dispersed spores either die or germinate within one year and therefore did not include
the spore bank as a stage in our models. The reproduction rate ϕi of adults in stage Fi (i =
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1, 2 or 3) was calculated as (Caswell, 2001):
i

=

Ge(t + 1)
× fi
Σi fi × Ni (t)

(7.2)

pi
Σi pi

(7.3)

fi =

in which Ni (t) is the number of individuals in stage Fi in year t, Ge(t+1) is the number
of germination events (newly formed gametophytes) in year t+1, fi is the relative fertility
of stage Fi . pi is the stage specific reproductive output (spore output per plant in stage Fi ),
which is calculated as the mean reproductive probability of stage Fi in year t times the mean
spore output per fertile plant in stage Fi in year t.
Matrix model analysis
Two annual transition matrices were created per species for year 1 and year 2 (2008/2009
and 2009/2010 respectively):
A1 = Twarm,year1 × Tcold,year1 + Fyear1

(7.4)

A2 = Twarm,year2 × Tcold,year2 + Fyear2

(7.5)

For each of these matrices we calculated the projected population growth λ and stable
stage distribution. Values of λ > 1 indicate population increase if the projected conditions
(vital rates) remain constant over the years. In order to evaluate the importance of vital
rates for determining λ, we calculated elasticity values per vital rate (Zuidema & Franco
2001). Values of λ likely differ between species and years. We used fixed-factor life-table
response experiments (LTREs) to quantify the contribution of differences in vital rates to the
differences in λ for differences between species and for differences between years (Caswell
2001). To this end, we first calculated vital rate sensitivities of a matrix based on averages
of the two compared matrices (Zuidema & Franco 2001), after which the contribution αk of
the k-th vital rate was calculated by multiplying the sensitivity of the mean matrix with the
difference in vital rate between the two matrices (Yamada et al. 2007).
Table 7.3: Transition matrix used for both study species. Matrix elements are calculated from vital
rates, based on observation data of two populations per species. For a definition of the vital rate codes
see text and Appendix VI.
from G

from Sp

from J

σ1 ·(1-γ21 -γ31 -γ41 -γ51 ) 0
0
Sp σ1 · γ21
σ2 ·(1-γ32 -γ42 -γ52 ) σ3 · ρ23
J σ1 · γ31
σ2 · γ32
σ3 ·(1-γ43 -γ53 -ρ23 )
SA σ1 · γ41
σ2 · γ42
σ3 · γ43
G

from SA

from F1

from F2

from F3

0

ϕ1 ·(1-γ2F -γ3F )
ϕ1 · γ2F

ϕ2 ·(1-γ2F -γ3F )
ϕ2 · γ2F

ϕ3 ·(1-γ2F -γ3F )
ϕ3 · γ2F

0

F1 σ1 · γ51
F2 0

σ2 · γ52
0

σ3 · γ53
0

σ4 · ρ34
ϕ1 · γ3F
ϕ2 · γ3F
σ4 ·(1-γ54 -γ64 -γ74 -ρ34 ) σ5 · ρ45
σ6 · ρ46
σ4 · γ54
σ5 ·(1-γ65 -γ75 -ρ45 ) σ6 · ρ56
σ4 · γ64
σ5 · γ65
σ6 ·(1-γ76 -ρ56 -ρ46 )

F3 0

0

0

σ4 · γ74

σ5 · γ75

σ6 · γ76

ϕ3 · γ3F
σ7 · ρ47

σ7 ·(1-ρ67 -ρ57 -ρ47 )

σ7 · ρ57
σ7 · ρ67
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To calculate the contribution of vital rates to differences in λ between species, we used
the following equation:
(•)
OLA
OLS
αk = (aP
− aP
) × skl
(7.6)
kl
kl
in which akl is the vital rate value and skl is the sensitivity of the k-th vital rate in year
l; POLA is P. aculeatum, POLS = P. setiferum. In a similar way, vital rate contributions to
difference in λ between years were calculated for each species m:
(•)

αk = (a2km − a1km ) × skm

(7.7)

The difference in λ between years can be attributed to differences in transitions during
the cold season (Tcold ), transitions during the warm season (Twarm ), and/or the reproduction rates (F). In order to assess the effect of each of these three components alone on the
overall population growth rate, we constructed three new transition matrices based on matrix
A1 , in which two components remained the same, but one was replaced by the analogous
component from matrix A2 :
Aw = Twarm,year2 × Tcold,year1 + Fyear1

(7.8)

Ac = Twarm,year1 × Tcold,year2 + Fyear1

(7.9)

Ar = Twarm,year1 × Tcold,year1 + Fyear2

(7.10)

λ was then calculated for each of these new matrices and compared with the value of λ
in the original matrix A1 to assess which of the components was most responsible for the
change in λ between matrices A1 and A2 . LTRE analyses were performed to quantify the
contributions of vital rates to the change in λ between matrix A1 and each of the three new
matrices.

Results
Recruitment rates
Regular recruitment of new gametophytes (germination) and sporophytes (transition from
gametophyte to sporophyte) took place throughout the year. Gametophyte (Figure 7.1a) and
sporophyte (data not shown) recruitment rates per species per half year showed very similar
patterns. Significantly higher gametophyte (t=3.417; P=0.027) and sporophyte recruitment
(t=4.594; P=0.010) was recorded for P. aculeatum compared to P. setiferum. Fertilization
success (the proportion of surviving gametophytes producing a sporophyte per half year; i.e.
the sum of the transitions γ21 , γ31 , γ41 and γ51 in Appendix VIa) was also clearly higher
for P. aculeatum than for P. setiferum (Figure 7.1b), although this relation was marginally
significant (t=2.682; P=0.055).
No relations were found between gametophyte recruitment, sporophyte recruitment or
fertilization success and the abiotic conditions measured at the four sites (light availability
in summer and winter, slope of the trench walls, pH, and total nitrogen availabilities. Single
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Figure 7.1: Germination, fertilization success and survival measured per season (6-month periods).
Figure a. shows the number of germination events per m2 . Figure b. shows the fertilization success
(i.e. the sum of the transitions γ21 , γ31 , γ41 and γ51 : the total fraction of surviving gametophytes producing a sporophyte). Figure c. and d. show gametophyte and sporophyte survival rates. Black bars =
P. aculeatum, grey bars = P. setiferum. Gametophyte survival is based on observed values, sporophyte
survival rate is the mean of the inferred survival rates per sporophyte stage (logistic regressions, see
Materials and Methods).

estimate per site (N=4)), except for a positive correlation between the slope of the trench
wall and the germination rate (r=0.982; P=0.018).
Temporal dynamics in gametophyte and sporophyte densities
Both gametophyte and sporophyte densities fluctuated during the 2.5 years of measurement
for both species (Figure 7.2), due to variation in both recruitment and survival rates between
seasons and years. Gametophyte and sporophyte recruitment rates were highest during the
warm season of 2008, resulting in a steep increase in population sizes of both species during
this time interval. Afterwards, the sporophyte density of P. setiferum consistently declined,
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Figure 7.2: Observed densities of gametophytes and sporophytes, measured at half year intervals for
2.5 years, for P. aculeatum (a) and P. setiferum (b). Populations were merged per species. Open dots
= gametophytes, closed dots = sporophytes.

while that of P. aculeatum kept rising in the year after and declined only in the last year.
As for P. setiferum both recruitment and survival rates were much lower during winter than
during the rest of the year, gametophyte densities of this species showed a clear seasonal
pattern with low densities in spring and high densities in autumn (Figure 7.2). Such a
seasonal pattern was much less obvious for gametophyte densities of P. aculeatum.
Gametophyte survival (Figure 7.1c) significantly differed between seasons (χ2 =75.583;
P<0.000) and years of measurement (χ2 =82.302, P<0.000), and species (χ2 =5.799,
P=0.016). Sporophyte survival did not differ between species (χ2 =1.993; P=0.152), but
significant interactions were present between species and season (χ2 =9.177; P=0.002) and
between species and year of measurement (χ2 =12.559; P=0.002). Polystichum aculeatum
showed higher survival than P. setiferum in the first seasons of measurement, but survival
was equal or lower during year 2 (2009-2010; Figure 7.1d).
Gametophyte abundances must be interpreted with some care, as identification of a small
set of gametophytes sampled from the trench walls indicated that a considerable part did
not belong to the study species. On average, only 70% of the gametophytes in plots of P.
aculeatum and 35% of the gametophytes in plots of P. setiferum was identified as the study
species. Six different species were found, all having sporulating populations in the study
area (gametophyte species lists in Appendix VII).
Sporophytic phenology and fertility
Signs of frond damage of sporophytes were observed after winter, also for the evergreen
species P. aculeatum, due to both necrosis of frond parts and deer herbivory. Although
damage was not quantified, damage after the harsh winter was obviously more widespread
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and more severe, affecting individuals of all sizes (see Figure 7.3). In the harsh winter, for
many adults of P. aculeatum only the main rachis of the fronds remained. In the winter of
year 1, fronds of P. setiferum bent down and occasionally died, but the next winter most
fronds completely perished. Still, maximum plant size strongly increased towards the summer of 2010 in P. setiferum (Lmax of biggest plant was 113.0 cm in 2009, but 135.0 cm in
2010), but less in P. aculeatum (94.0 cm in 2009 and 96.0 cm in 2010).
Maximum spore output per fertile plant increased over year 1 (from summer 2008 to
summer 2009) in both species, but not over year 2. Estimated total annual spore production
per population strongly increased from 2008 to 2010 (from 3.7·109 spores to 9.9·109 spores
in P. aculeatum, and from 7.5·109 spores to 14.0·109 spores in P. setiferum), either due to
higher numbers of fertile plants (P. aculeatum) or a combination of more plants being fertile
and an increased spore output per plant (P. setiferum).

A

B

C

D

Figure 7.3: Effects of winter harshness. Photographs of one of the monitored populations of P.
aculeatum (Figure A and C) and P. setiferum (B and D). The upper pictures were taken after the
normal winter of year 1 (January 2009; Figure A and B), the lower pictures were taken after the harsh
winter of year 2 (January 2010; Figure C and D). See main text for further descriptions of the effects
of winter conditions.
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Spore bank composition
We encountered a total of seven different fern species in the spore bank samples, all of
which are represented in the Kuinderbos (Bremer 2007). Only a very limited part of the
identified individuals belonged to the genus Polystichum, especially in plots of P. aculeatum. Much more spores germinated from autumn samples than from spring samples and
Polystichum spp. was almost exclusively found in autumn samples. For a detailed species
list and abundances per species, see Table 7.4.
Table 7.4: Results of spore bank analysis for samples taken in spring (May 2008) and in autumn
(November 2008), in plots of P. aculeatum (POLA) and P. setiferum (POLS). Number of individuals
identified to a certain species per sample type based on barcoded gametophytes (G) and sporophytes
observed in the cultures (S). Note that all observed sporophytes were successfully identified, while
only a small subset of the observed gametophytes was identified by barcoding. “D. filix-mas s.l.”
may include individuals of Dryopteris filix-mas, D. affinis and D. oreades; “D. carthusiana s.l.” may
include individuals of both Dryopteris carthusiana and D. cristata (see Chapter 2).

Species
Polystichum aculeatum

Type
G
S
Polystichum setiferum
G
S
Athyrium filix-femina
G
S
Dryopteris filix-mas s.l.
G
S
Dryopteris carthusiana s.l.
G
S
Thelypteris palustris
G
S
Cystopteris fragilis
G
S
Total no. of barcoded gametophytes (G)
Total no. of sporophytes in cultures (S)
Total no. of observed gametophytes *
Total gametophyte density in cultures (cm−2 )

POLA
May
Nov
1
3
0
1
0
0
0
0
3
4
0
0
0
9
0
2
0
0
0
0
10
1
1
0
0
0
0
0
14
17
1
3
49
806
0.06
0.70

POLS
May
Nov
0
0
0
0
0
0
1
23
5
5
4
66
1
9
17
41
0
0
0
4
8
2
6
3
0
3
0
1
14
19
28
138
1378 5884
1.20
5.10

* in a total of 30 cultures of 8x8cm per plot per season.

Projected population growth
Finite population growth rate (λ) was slightly above unity for P. setiferum in the first year
(1.071), and far above unity (1.516) for P. aculeatum (Table 7.5). This indicates growing
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populations for both species if conditions of matrix A1 would prevail for many years and
if transitions would not be altered by density dependence. In the second year (matrix A2 ),
λ was just below unity for both species (0.989 and 0.988), indicating a drop in population
size on the long term if conditions of the second year would prevail. For both species,
stable stage distributions of matrix A1 indicated a strong dominance of the early life stages:
70% of the individuals in a population would be gametophytes, 10% sporelings, later stages
contributed with lower percentages. This stable stage distribution largely resembled the
observed size distributions, except for the slowly reproducing population of P. setiferum
mentioned above, which had less gametophytes. The stable stage distribution of matrix A2
was similar to that of A1 for P. aculeatum, but for P. setiferum it lacked the dominance of
early stages.

Impact of vital rates
Analysis of elasticity showed very similar patterns for both species (Figure 7.4): survival
rates were by far the most important contributor to population growth. All other vital rates
had much lower elasticity values, with exception of the reproduction of the largest individuals (with high reproductive probabilities). Importance of survival increased from early to
later life stages: fertile adult stages accounted for >60% of all elasticity.
Although survival rates proved highly important for population growth, differences in
survival between years did not explain the higher population growth rate P. aculeatum during the first year. LTRE analysis (Figure 7.5) showed that a higher reproduction rate (caused
by the higher germination rates), gametophyte survival and transitions from gametophytes
to later sporophyte stages (fast growth of newly produced sporophytes within a time interval) explained the better performance of this species compared to P. setiferum. Projected
population growth rates were almost equal in the second year, but the slightly lower value
for P. aculeatum (Table 7.5) can be explained by its lower sporophyte survival (Figure 7.5).
LTRE analysis comparing matrices between years showed that the large difference in
growth rate in P. aculeatum was due to the same factors as the differences between species
in year 1 (Table 7.5). To find out whether changes mainly occurred during winter or the
next spring, we decomposed the difference in λ into the effects of cold and warm season
transitions and reproductive rates (see materials and methods). In P. aculeatum, substituting
of the cold-season transition matrix for from year 1 by that of year 2 (matrix Ac ) already
explained 80% of the difference in λ between years. Most important changes in population
dynamics thus took place during the cold months. LTRE analysis then showed that this
winter effect was mainly caused by increased gametophyte and (to a minor extent) sporophyte mortality, combined with reduced growth of gametophytes into sporophytes (Table
7.5). Reduced reproduction throughout the year explained the remaining part of the difference between years, as shown from the LTRE for matrix Ar (Table 7.5). For P. setiferum,
the drop in λ in year 2 was much less pronounced. This change in λ was mainly caused by
retrogression of sporophytes to smaller size classes and an overall reduced reproduction.
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Table 7.5: Projected growth rates (λ) of the transition matrices for the first year (A1 ) and second
year (A2 ) of monitoring for both study species. Matrices Ac , Aw and Ar equal matrix A1 , except for
replacement of one of the components (Twarm ,Tcold , F respectively) by the homologous component
of matrix A2 (see equations 8-10 in Materials and Methods). Growth rates λ are given per matrix,
as well as output of LTRE analyses comparing matrix Ax with matrix A1 . LTRE output is difference
in growth rate (∆λ) between Ax and A1 , and summed contributions of vital rates (λ = growth, ρ =
retrogression, σ = survival, ϕ = reproduction). POLA: P. aculeatum, POLS: P. setiferum.

Species

POLA

POLS

Matrix
A1
A2
Aw
Ac
Ar
A1
A2
Aw
Ac
Ar

Equation
7.4
7.5
7.8
7.9
7.10
7.4
7.5
7.8
7.9
7.10

λ
1.516
0.988
1.522
1.099
1.274
1.071
0.989
1.164
0.958
1.014

LTRE (Ax - A1 )
ρ
σ

∆λ

γ

ϕ

-0.527
0.006
-0.417
-0.242

-0.091
0.054
-0.187
0.005

-0.060
-0.004
-0.070
0

-0.212
-0.062
-0.184
0

-0.178
0
0
-0.231

-0.082
0.093
-0.113
-0.056

0.095
0.099
-0.038
0.008

-0.069
0.022
-0.085
0

0.003
0.005
0.016
0

-0.068
0
0
-0.071

Discussion
The results of this study indicate large differences in the population dynamics of two closely
related species: the allopolyploid rock fern Polystichum aculeatum and one of its diploid
ancestors, Polystichum setiferum. Two main differences were observed in their population
performance. First, under normal winter conditions the polyploid species showed a much
higher population growth rate than the diploid species. Second, their population dynamics
showed a strong difference in sensitivity to climatic variation. In marked contrast with our
second hypothesis, frost-induced reductions in the performance of adult plants were more
severe in the species that inherited stronger frost-resistance of its fronds.
Matrix modelling of the complete fern life-cycle, including the gametophyte generation,
allowed us to assess in high detail which aspects of the species’ life-histories caused the differences in population performance. We showed that recruitment-related factors explained
most of the differences in population growth, both between species and between years. This
can be explained from known effects of ploidy level on life-history traits of ferns (in line
with our first hypothesis), but is in sharp contrast with the results of a previous study on
temperate rock ferns (Bucharová et al. 2010). Moreover, we showed that the much higher
recruitment of P. aculeatum was in fact due a higher performance at all recruitment-related
vital rates.
Below, we first discuss the role of spore banks and gametophytes in fern populations
models, and then go into more detail about the possible role of polyploidization in the observed differences in recruitment, and their consequences for the sensitivity of populations
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to spatial and temporal climatic variation.
Importance of spore bank and gametophyte stages
Previous modelling studies on the population dynamics of ferns have ignored the soil spore
bank and the gametophyte stage and thus related newly recruited sporophytes directly to the
number of adults in the previous year (Bremer & Jongejans, 2010; Bucharová et al. 2010).
This approach is only accurate when no persistent spore banks are present and gametophytes
are short-lived and do not reproduce clonally (Bucharová et al. 2010). Although various
studies showed the existence of considerable fern spore banks (e.g. Dyer & Lindsay, 1992),
our results suggest that for Polystichum spp. the amount of spores stored in persistent spore
banks is indeed limited and is of minor importance for population dynamics. Billions of
spores were produced annually by each population, but only a small fraction of the viable
spores found in the soil was identified as the study species, and this percentage decreased
from autumn to spring. Apparently, most spores either germinate before entering the soil
bank, die within a year, or enter some state of long-term dormancy. Thus, these results that
incorporating the spore bank is not essential for population models of our study species (but
may be for other ferns with larger persistent spore banks).
We do, however, advise to incorporate the gametophyte stage in future studies on the demography of ferns, for various reasons. First of all, ignoring the gametophytes would mean
totally neglecting one of the two free-living generations in the fern life-cycle, while both
generations have clearly different ecological requirements (e.g. Peck et al. 1990; Watkins
et al. 2007) and thus are subject to different natural selection pressures. Gametophytes and
sporophytes thus will respond differently to spatial and temporal variation, as was shown
in this study (Figure 7.2). Investigating the demography of both generations will help to
understand which of the two is most affected by environmental variability. Secondly, modelling all gametophytic vital rates yields the opportunity to study their effects on population
growth rates separately via LTRE analyses. Germination, gametophyte survival and fertilization are fundamentally different processes and their rates partially depend on different
factors. For instance when studying the effects of inbreeding on population performance, it
will be essential to assess whether inbreeding depression acts on fertilization success, spore
viability or the growth and survival of gametophytes and/or sporophytes. For the calculation of the overall population growth rate it may often not matter whether gametophytic
transitions are modelled separately or as a composite measure of recruitment.
We showed that it is possible to monitor gametophyte abundances by detecting individual gametophytes on the forest floor. However, this is a laborious task and gametophyte
abundances will remain to some extent inaccurate, as some individuals will be overlooked
and species identification is problematic. DNA barcoding (De Groot et al. 2011a, Chapter
2) was shown to be valuable in species identification, but identification of all individuals
still remains impossible as it is too costly and because gametophytes must be destroyed.
As a result, part of the scored individuals might be of different species and gametophyte
densities may be overestimated. Identification of a limited sample of gametophytes showed
that indeed a certain fraction of the gametophytes was of different species (Appendix VII).
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Reproductive rates may therefore have been overestimated and growth from gametophytes
to sporophytes may have been underestimated. We did, however, not correct gametophyte
densities based on the fraction of barcoded gametophytes identified as Polystichum spp., as
the number of gametophytes sampled for DNA barcoding was too small given the likely
non-random distribution of gametophytes of different species on the forest floor. Moreover,
samples were collected on a single day, while the fraction of the gametophytes belonging
to the study species likely fluctuates over time. Model trials in which we did adjust the
gametophyte densities downwards never changed λ by more than 0.01, and did not change
patterns for elasticities and LTRE output.
Reproduction and early life stages determine the success of P. aculeatum
Under the moderate climatic conditions of the first monitoring year, P. aculeatum showed a
remarkably high projected growth rate of ±1.5. Similar values have been found in the past
in the Kuinderbos for A. scolopendrium (Bremer & Jongejans 2010) and this fast growth
might be related to the recent establishment of populations of both species. As the polder
forests were planted only half a century ago and were colonized by ferns in the 1960s, all
local fern populations, including those of Polystichum spp., are relatively young. With time,
intra- as well as interspecific competition might result in lower population growth rates (Law
1981).
Projected population growth of P. aculeatum was considerably higher than that of P.
setiferum in year 1. Even though these values are based on only a single year of monitoring and in reality will vary to some extent over time, the difference is sufficiently large
to suggest that under normal climatic conditions, populations of P. aculeatum are indeed
expanding much faster than those of its diploid parent. LTRE analysis showed that this
difference was mainly explained by the higher reproduction rates of P. aculeatum (higher
germination), higher gametophyte survival rates, and a rapid growth of newly recruited
sporophytes to larger size classes within a single time step. These processes thus seem to
be critical determinants of the relative success of P. aculeatum compared to P. setiferum.
As germination, gametophyte survival and fertilization are known to be strongly affected by environmental conditions (e.g. Ranker & Houston 2002), it could be argued that
the species differences in recruitment may have resulted from correlating differences in site
conditions. Edaphic conditions (pH, N and P availabilities) varied very little between the
sites, and no correlation was detected between light conditions and any of the three rates.
However, germination rates did correlate with the slope of the trench wall. This is not surprising, as steep trench walls are more prone to erosion and fern establishment has been
described to depend on the creation of temporary patches of empty soil created by disturbances (e.g. Werth & Cousens 1990). The low germination rate of P. setiferum might
therefore to some extent have resulted from the fact that one of its populations was located
in a somewhat shallower trench (POLS-2; Table 7.1).
However, the differences in recruitment, including germination rates, likely have a
strong basis in differences in life-history traits between the two study species, as previous results of Pangua et al. (2003) showed both germination and self-fertilization to be
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much higher in P. aculeatum than in P. setiferum. Similar differences have more often been
found between polyploid and diploid ferns (Soltis & Soltis 1987b; Pagán & Prada 2011)
and are generally attributed to a difference in inbreeding depression (i.e. the expression of
genetic load; Mogensen 1978; Masayuma & Watano 1990). The differences between our
study species can thus be explained from their difference in ploidy level, causing higher
inbreeding depression in P. setiferum. However, at first thought this theory would contrast
with recent results of breeding experiments with Kuinderbos genotypes, which suggested
that strong mate limitation after arrival to this isolated habitat for both species resulted in
selection for genotypes with a sufficiently low genetic load to allow single-spore establishment through self-fertilization (Chapter 5). Yet, even though self-fertilization was possible
for the Kuinderbos genotypes of P. setiferum, a relative difference in inbreeding depression
compared to P. aculeatum may still exist and may result in somewhat lower fertilization
rates. Moreover, the genetic load in the genotypes of P. setiferum is not necessarily directly
lethal to inbred zygotes, but can instead come to expression at a later stage through a reduced
fitness of inbred sporophytes and less successful production of viable spores (Husband &
Schemske 1996; Szövényi et al. 2009). Such a scenario is not unlikely given the fact that the
Kuinderbos populations are highly inbred and sometimes consist of only a single genotype
(Chapter 6).
Effects of winter stress
Severe and persistent periods of frost can cause increased mortality and reduced growth in
temperate ferns, but some are better adapted than others (Sato 1982). A typical adaptation
to strong winters is a winter-deciduous strategy: fronds develop in spring and decay in
autumn, after the plant has withdrawn valuable resources (carbon and nutrients). Fronds
of evergreen species, on the contrary, keep producing valuable carbon for the formation of
new fronds until the next spring (Tessier & Bornn 2007). Fronds of semi-evergreen ferns are
less robust, but are normally also maintained for carbon storage in winter and carbon gain
in spring (Minoletti & Boerner 1993). This role of overwintering leaves in (semi-)evergreen
ferns may explain why occasional frond damage during extreme winters leads to increased
mortality and reduced population growth, as found by Bremer & Jongejans (2010).
Based on the above, we expected that maintaining at least part of the fronds would be
important for winter survival for our (semi-)evergreen species (Page 1997). As fronds of P.
setiferum are more fragile, we hypothesized that its populations would decline during and
after harsh winter conditions and that declines were at least less severe for P. aculeatum.
However, the opposite pattern was found. Although many more fronds of P. setiferum were
shed during the harsh winter, its sporophytes showed lower mortality than those of P. aculeatum and its decline in projected population growth rate from year 1 to year 2 was much
less severe than in P. aculeatum. Apparently, our genotypes of P. setiferum are to some
extent adapted to deal with loss of frond area. Although fronds remain green, part of the
species resources may be stored in belowground parts in the semi-evergreen ferns (Tani &
Kudo 2005). Polystichum aculeatum, on the other hand, seems to have lost the strategy of
its parent, as individual adult plants clearly suffered from the loss of frond area in the sub-
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sequent warm season: mortality increased (and was even higher than in P. setiferum) and
spore output was reduced.
Although sporophyte mortality was higher in P. aculeatum, LTRE analysis for this
species showed that sporophyte mortality contributed only little to the drop in its population
growth rate during the year with a harsh winter. Instead, various factors related to gametophyte and sporophyte recruitment (and thus independent from adult frond loss) seemed
to explain the reduced performance of P. aculeatum as a result of harsh winter conditions.
Gametophyte mortality was high (although still lower than in P. setiferum), germination and
fertilization were reduced (perhaps due to winter drought) and newly recruited sporophytes
grew more slowly. This is a very surprising result, given that elasticity analysis showed that
for both species sporophyte survival of large adults contributed most to population growth.
Survival of these individuals thus is critical for population viability, a result that is to be
expected for long-lived species (Silvertown et al. 1993) and that was previously found for
rock-dwelling ferns (Bucharová et al. 2010). That in our study other factors nonetheless
explained changes in population performance better, can be due to a combination of the very
large changes in these factors and their high sensitivities (Zuidema & Franco 2001).
Climate responses and possible range shifts
Our result show that highly related species of different ploidy level potentially show differences in phenology and life history that lead to large variation in population dynamics
and relative performance under different environmental conditions. The polyploid species
showed clear advantages compared to its diploid parent at various life history factors related to recruitment and performance of early life stages. However, this was only the case
under favourable conditions: the strong drop in population performance under harsh winter
conditions was mainly due to a loss of its reproductive advantage. Still, P.aculeatum easily
compensates population declines during such harsh years by the production of new juveniles
in subsequent years, allowing population expansion on the long term. P. setiferum, on the
other hand, lacks this ability of fast population recovery, which might explain the strongly
negative impact that harsh winters seem to have on the demography of this species under
the Dutch climatic conditions (Bremer 1995, 2007). Although, against our expectations,
enduring frost did not cause its populations to perform less than those of P. aculeatum, its
population growth rate is still below unity. Population sizes will decline in years with harsh
winters (as shown by simulations, results not shown), and especially after a series of harsh
winters, while population recovery during favourable years may take a longer time in this
species.
The population performance of our study species thus seems to be strongly influenced
by the incidence and duration of harsh winter conditions. As species differ in responses to
winter stress, it is likely that they demonstrate climatic ’preferences’ (Bremer & Jongejans
2010; Flegrová & Krahulec 1999), reflected in different distribution patterns (Liu et al.
2004). Indeed, the northern edge of the distribution range of P. aculeatum is located further
to the north, where harsh winters are more common. Its northernmost populations, in the
south of Norway, occur at locations which are sheltered from regular periods of temperatures
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far below zero (Mütter et al. 1998). Polystichum setiferum is already more environmentally
demanding in more temperate regions like The Netherlands, and is hardly found further to
the north.
Conclusions
Our study shows that population modelling of the total fern life-cycle, including the gametophyte stage is well possible, and can provide important new insights in the effects of
trait differences on population dynamic processes. Results indicate that recruitment-related
factors can be of large influence on population performance. Therefore, we stress the importance of incorporating the transitions towards and from the gametophyte generation in future
population models, as these are the vital rates that govern recruitment success in ferns.
Although studies on additional species pairs (preferably including also autopolyploids)
and models based on longer time series are clearly needed to assess the generality of our
findings, they help to explain differences in local abundances and spatial distributions between species. We provide a first indication that polyploidization in ferns can have a significant effect on population dynamics. These effects are likely related to differences in
inbreeding depression, as such differences may affect various recruitment-related vital rates
(Picó 2004). Strong effects of ploidy level on population dynamics have been found for
seed plants (Münzbergová 2007), but were never shown for ferns. Given the high frequency
of (allo)polyploids in ferns (Haufler 1987), any demographic effects of ploidy level will
be of great interest for explaining local performance differences between fern taxa. Furthermore, we show for the first time that populations of closely related fern species may
respond very differently to climatic variation. Such differences are of strong interest for
species distributional ranges and local species conservation (Dahlgren & Ehrlén 2011), especially given current global changes in climatic conditions and potential local increases in
climatic variability.
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Diversity conservation in the face of habitat fragmentation
Habitat fragmentation is currently one of the major driving forces of biodiversity losses
world-wide (Vitousek et al. 1997). It often leads to the local extinction of species both by
damaging existing populations and by reducing the connectivity between habitats, which
may affect migration rates between remaining populations as well as probabilities that
empty patches are (re-)colonized. At the same time, climatic changes alter habitat conditions world-wide (Vitousek et al. 1997). Many attempts to conserve plant diversity have
focused on the creation or restoration of natural habitats by recreating suitable abiotic conditions. However, restoration measures regularly failed to result in the expected improvements
in levels of diversity, since many of the expected species did not return to the local vegetation
(e.g. Jansen et al. 2004). Because reductions in diversity proceed and restoration projects
are costly, it is important to identify the bottleneck(s) that prevent successful colonization
after restoration measures have apparently improved local habitat conditions. Relations
between colonization success and dispersal ability suggest that dispersal limitation due to
decreased habitat connectivity may be one of the major causes of failed re-colonization of
seed plant species in fragmented landscapes (Brederveld et al. 2011).
Differences in potential to colonize restored habitats have also been observed among
fern species (e.g. Flinn 2006). However, the exact causes of such differences remain unsure, as remarkably little is known about the colonization and population ecology of ferns
(Sheffield 1996; Mehltreter et al. 2010). With this thesis, I aimed to fill some of these
gaps in our knowledge on fern ecology, in order to aid in the understanding of possible
bottlenecks for diversity conservation in ferns. I investigated how increasing isolation and
changing climates affect the establishment of species and genetic diversity in ferns in newly
created nature areas. Assessment of this question requires information about various factors,
which were addressed in the previous chapters:
• The amount and diversity of spores arriving at isolated habitats.
• Plant and habitat characteristics determining the establishment success of different
species.
• Plant and habitat characteristics determining the establishment success of different
genotypes.
• Processes shaping the distribution of genetic variation within and among young
populations.
• The factors limiting the survival and growth of young fern populations, in different
species and under different climatic conditions.
Below I integrate the key findings of this thesis and review the knowledge gained on each
of these factors.
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Estimating rates of long-distance dispersal
Various studies on plant dispersal kernels have shown that diaspore densities generally decline leptokurtically with distance from the parent plant (e.g. Willson 1993; Nathan &
Muller-Landau 2000). A leptokurtic dispersal distribution curve has two main characters
(Nathan & Muller-Landau 2000): a large peak at short distances (i.e. by far the highest
densities of diaspores are found close to the parent plant), and a long and fat tail at long
distances (i.e. the remaining part of the diaspores is relatively evenly distributed over a
large range of distances). A leptokurtic distribution is also expected for ferns and mosses,
and experiments with spore traps indeed showed that spore densities declined dramatically
with source distance and dropped below the measurable threshold within meters (Peck et
al. 1990; Sundberg 2005). Yet, Miles & Longton (1992) and Sundberg (2005) showed that
estimated spore densities in these first meters around the parent plant only comprise a small
part of the spores dispersed, which suggests that spores are regularly dispersed over long
distances. Spore density at such distances are, however, presumably extremely low, and
sampling such long-distance dispersal (LDD) events is almost impossible. Consequently,
the length and shape of the tail of the distribution curve remains largely unknown. This
is problematic, as reliable estimates of rates of LDD are necessary to understand species
distributions and how these may be affected by environmental changes. There is increasing
evidence that LDD is crucial to both meta-population dynamics (Nathan 2001) and range
expansion rates (Hampe 2011) and that its importance is increasing as a result of humaninduced environmental changes (Cain et al. 2000).
The expectation that fern spores can be dispersed over huge distances is supported by
the discovery of spores in high-altitude atmospheric samples (Puentha 1991; Caulton et al.
2000) and by experimental proof of spore survival at such altitudes (Van Zanten 1978; Gradstein & Van Zanten 2001). Another line of evidence comes from remote oceanic islands,
many of which have gathered a variety of fern species (Tryon 1970; Geiger et al. 2007;
Perrie & Brownsey 2007). But does long-distance dispersal occur often enough to allow,
besides the presence of a species, also the establishment of genetic variation? A few studies
have shown that recurrent colonization indeed resulted in genetically different populations
on oceanic islands (Ranker et al. 1994; Shepherd et al. 2009). However, in these cases
colonization events may have taken place over time scales of thousands of years. Whether
long-distance immigration enables regular exchange between strongly isolated populations
(i.e. long-distance gene flow) is less clear (Ranker et al. 1994; Shepherd et al. 2009). More
accurate estimates of rates of long-distance dispersal are needed to assess the potential for
long-distance exchange of genetic information.
One possible approach is to model dispersal distributions or trajectories (e.g. Andersen
1991). Models for long-distance seed dispersal by wind have strongly improved over the
last decade (Soons & Heil 2002; Katul et al. 2005). However, developing and testing
such models for LDD in ferns is very difficult, both because fern spores are so small that
dispersal trajectories are highly stochastic and because tracking individual spores in the field
is impossible. A more realistic approach is to study dispersal through its results, by gaining
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knowledge on spore arrival frequencies. The recent formation of the Dutch IJsselmeerpolders created a unique opportunity to obtain an estimate of rates of spore arrival, as it
provided large areas of nearly empty soil that have been acting as large diaspore traps. The
discovery of a few viable spores of Thelypteris palustris in samples from lake sediment of
the current IJsselmeer (Chapter 3) indicates that some viable spores may also have been
present in the polder soils directly after, or even before, polder reclamation. However, most
likely the vast majority of spores has entered the soil after the polders were created. The
results present in Chapter 3 and 6 of this thesis suggest that fern spore rains are relatively
dense and contain a considerable inter- and intraspecific diversity.
A first line of evidence for frequent successful long-distance dispersal of various species
towards the Dutch polders comes from the established fern species diversity. Already
around 1979, a large number of rare species had colonized the Kuinderbos, planted around
1950, including species of which the nearest plant populations were up to 250 km away
(Bremer 1980). Since that time, a number of these species (e.g. Asplenium scolopendrium,
Polystichum setiferum and Polystichum aculeatum) have colonized up to five other polder
forests (FLORBASE-2N 2010). Results of long-term floristic inventories, mainly performed
by Dr. Piet Bremer, show that since the 1970s a large diversity of species has also been found
in various other polder forests. The diversity that is momentarily present in the local soil
banks seems to be even higher.
In Chapter 3, I showed that within ±50 years a substantial spore bank has developed in
the soils of the polder forests, both with respect to spore numbers and species richness. The
majority of spores found in the top layer belonged to a few species that are locally abundant
in the vegetation, which indicates that most of these spores may represent local dispersal
events. The number of species retrieved per forest was in line with results of previous studies on much older spore banks (Ranal 2003; Ramı́rez-Trejo et al. 2004; Hock et al. 2006).
Interestingly, spores of at least four of the rare species occurring in the Kuinderbos were
also found in the soils of other forests, where they did not occur in the local vegetation. The
nearest spore sources of these species were at least tens of kilometres away, which means
that they must have arrived by means of LDD. Moreover, for several species these nearest
populations consisted of only a few plants. Areas with multiple, larger source populations
were at least hundred kilometres away. As we sampled only a tiny fraction of the forest’s
soils, the fact that these species showed up in our samples suggests that they are present in
the local soil in considerable numbers. Together, the studies on the below- and aboveground
fern diversities of the polder forests indicate that dispersal capacities are generally high at
least among NW-European homosporous ferns, and that any area in NW-European is likely
regularly reached by spores of most of the homosporous ferns occurring in a range of hundred to several hundreds of kilometres around it. A few rare species that have occasionally
been found in the Netherlands have not (yet) been found in the polder forest understories
(e.g. Bremer 2007), but might well be found in the spore bank if this would be sampled in
much larger quantities.
In Chapter 6, I showed for four species occurring in the Kuinderbos that a large part of
the European allelic diversity sampled and the majority of the Dutch diversity, was present
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in the Kuinderbos. Immigration has occurred with sufficient frequencies to allow both the
establishment of genetically distinct populations and, in many populations, the establishment of (low but significant) genetic variation within populations through subsequent longdistance dispersal events. This shows that LDD is sufficiently common to allow the establishment of genetic diversity within limited time since first colonization of a new habitat,
even for rare species with distant spore sources.
Inference of broader phylogeographic patterns is necessary to test whether the diversity
among immigrants is the result of large scale panmixia (in which case a large part of the
total European variation may be gained from the nearest spore sources alone) or is the
result of long-distance immigration from a large source area containing various genetically
differentiated spore sources (Sundberg 2005). Very limited spatial genetic structure across
Europe was shown for a number of species of the moss genus Polytrichum (Van der Velde &
Bijlsma 2003). Szövényi et al. (2008) showed low genetic divergence between populations
at both sides of the Atlantic Ocean for several Sphagnum species. Although the shaping of
such patterns depends strongly on the life-history of the species studied (see “determinants
of genetic variation”), low differentiation between distant populations is only possible if
spores are regularly dispersed over large distances.

New molecular tools aid in the study of long-distance colonization in
ferns
Although the results presented above help to improve estimates of rates of LDD, they still
only represent results for a few locations and exact dispersal distances remain unknown as
we did not know the actual populations of origin. A valuable direction for future research
will be to correlate high-resolution data on local spore availabilities directly to data on
the size of and distance to (inferred) spore sources. Although such large-scale correlative
studies take much time and effort, their feasibility increases, especially for relatively rare
species. High-resolution vegetation inventory data are made available at an increasing rate,
which allows the identification of potential spore sources. Moreover, a range of molecular
tools is nowadays available to aid in species and genotype identification, allowing rapid
assessment of species and genotypic compositions and the linkage of dispersed individuals
to potential sources (Robledo-Arnuncio & Garcı́a 2007).
In Chapter 2, I developed and successfully tested a straightforward method for molecular identification of fern specimens (so-called fern DNA barcoding). Besides the fact that
this method can aid in the detection of rare immigrants in vegetation inventories, it allows, for the first time, the identification of fern gametophytes. Previous studies on fern
spore banks mostly estimated species compositions based on the emerging sporophytes (e.g.
Ranal 2003; Flinn 2007). However, culturing sporophytes to a size that allows morphological identification is very time-consuming and cumbersome and the inferred species composition may not represent the actual composition of the spore bank. Species that strongly rely
on outcrossing for successful fertilization on the gametophyte will likely more often fail
to produce a sporophyte, causing sporophyte species compositions to be skewed towards
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inbreeding species. Besides, often part of the sporophyte population dies before being identified. Because DNA barcoding requires only small amounts of plant material, it provides
a very useful tool to identify small-sized sporophytes and gametophytes, as was shown in
Chapter 3. In theory, it may even allow species identification based on DNA extracted
directly from spore-containing soil samples (i.e. environmental DNA; Ficetola et al. 2008).
Thus, DNA barcoding can not only improve estimates of spore bank compositions, but may
also allow a much more rapid and high-throughput analysis of fern spore bank samples.
This improves future possibilities to assess spore availabilities at high spatial resolutions.
In Chapter 4, I identify microsatellite markers for four widespread, but locally rare fern
species. Microsatellite markers are generally highly polymorphic, and are therefore especially useful for distinguishing strongly related individuals and inferring relations between
individuals within and among populations. They can be used to study dispersal rates and
dispersal distances in two distinct ways (Broquet & Petit 2009). First, assignment tests
(Manel et al. 2005) attempt to directly assign dispersed individuals to their putative parents
or source populations. However, this method requires genetic data of all potential source
populations, something which is difficult to accomplish for ferns given the large dispersal
capacities of their spores. Second, population genetic methods indirectly estimate dispersal
rates and distances through their consequences on genotype frequencies within and among
populations (Ouborg et al. 1999). The first strategy was not attempted here, as it requires
an exhaustive sampling of all possible source populations, but the value of the developed
markers for population genetic studies is shown in Chapter 6.

Plant and habitat characteristics limit species diversity at two distinct
scales
An actively debated question, for ferns as well as for other plant groups, is to what extent
spore availability (dispersal limitation) and habitat availability (establishment limitation)
determine spatial distribution patterns and local levels of diversity (Wild & Gagnon 2005,
Karst et al. 2005, Flinn 2007). Dispersal limitation has often been considered to be small
in ferns, because of their large numbers of small-sized diaspores (Tryon 1970, 1986; Qian
2009). This expectation is supported by the work presented above, which indicates that
even long-distance dispersal may not be a rare event. Yet, Svenning et al. (2008) suggested
that forest fern species display dispersal-limited distributional ranges, as their distributional
patterns were better predicted by migration distances from glacial refugia than by patterns
in climatic or edaphic conditions. This shows that the dispersal vs. habitat limitation debate
continues also with respect to ferns.
To focus the arguments used in this debate, it is essential to differentiate between processes acting at different spatial scales. Münzbergová & Herben (2005) distinguished two
scales and classified the available terms accordingly. At a regional scale (i.e. a landscape)
the distribution of species can be determined by habitat limitation (the availability of suitable habitats) and/or dispersal limitation (the availability of spores in suitable habitats). At
a local scale (in a single occupied habitat) the abundance of species can be determined by
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micro-site limitation (the availability of small spots that offer opportunities for establishment) and/or spore limitation (the availability of spores at available microsites).
Limitation at regional scales
Here, I consider the Dutch polders to represent the regional scale, within which potential
habitats are located in the forested areas. In Chapter 3, I showed that the spore banks
of these forests comprised species that were not present in the local understories. Other
studies on fern and moss spore banks reported similar results (Hock et al. 2006; During
2007). The results indicate that the presence of a certain fern species in a local ecosystem
may often depend on habitat limitation rather than dispersal limitation, as was also suggested by studies that correlated distributional patterns of fern species with spatial patterns
in habitat heterogeneity (Richard et al. 2000; Guo et al. 2003). However, limited spore
arrival frequencies can increase the time lag between habitat creation and colonization, as
Bremer (2007) showed that among the species that colonized the Kuinderbos the year of
first establishment correlated with the distance to and size of the nearest spore sources.
The importance of habitat suitability for fern species richness in the polder forests is
supported by the fact that at one of the two types of terrain studied (the flat forest floor)
species richness was higher in the spore bank than in the aboveground vegetation, while the
opposite result was found for the other type (the walls of drainage trenches). Although discrepancies between above and belowground species compositions are commonly observed
(e.g. Zobel et al. 2007), the consistence of this difference across all four forests (Chapter
3) indicated that the trench walls are generally a more suitable habitat for populations of
forest ferns than the flat terrain. This is in line with previous results of Bremer (2007), who
showed that in the species-rich Kuinderbos the large majority of taxa was found exclusively
or significantly more on trench walls. This association can be explained from the availability of a moist calcareous sand layer, preferred by the rare calcicole species, in addition to a
strong inclination of the soil surface (see Bremer 2007 and below). Indeed the Kuinderbos,
which has by far the highest species richness of all polder forests (Chapter 3), has the most
pronounced drainage trenches, which are deeper and have steeper slopes than those of the
other polder forests. Thus, fern species richness in the Dutch polders seems limited by the
presence of one particular habitat: deep drainage trenches with steep slopes and a top layer
of calcareous sand underneath a forest canopy.
Limitation at local scales
Even within the apparently suitable trench wall habitat present in the Kuinderbos, species
abundances differ strongly from place to place. Most likely, these differences in abundance at a local scale are due to a combination of micro-site limitation and spore limitation
(Chapter 3). Even within habitat patches that fulfill all requirements of the sporophytic
generation, successful germination and recruitment may require additional or even very different conditions (Watkins et al. 2007). These limiting factors for establishment result in
micro-site limitation, as suitable conditions for fern establishment typically seem present at
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small microsites that change location over time (i.e. spatial and temporal windows of opportunity for establishment, e.g. Økland et al. 2003). Fern gametophyte establishment is often
linked to small disturbance events, which temporarily create small “safe sites” (Cousens et
al. 1985). Animal burrowing or soil slippage due to rainfall or frost creates open patches
of soil which are commonly occupied by fern gametophytes (Cousens 1981; Cousens et
al. 1985). This phenomenon helps to explain the relevance of trench wall inclination for
fern establishment, as the steep slopes of deep trenches are much more prone to soil erosion after heavy rainfall than those of shallow trenches (own observations). However, as
the evidence for a dependence of fern germination and recruitment on such temporarily
disturbed microsites is highly anecdotal, it remains unclear what the exact environmental
filters are that are temporarily released by disturbance. At undisturbed sites, the litter layer
may limit germination and gametophyte growth (Molofsky & Augspurger 1992; Startsev et
al. 2008); a well-developed microbial community may exhaust most freely available nutrients (Ko 2003) or may contain pathogens (Page 1979); and moss carpets may outcompete
germinating spores and growing gametophytes for light, nutrients or space (Cousens et al.
1985).
These barriers may increase in strength with time after habitat creation, as more complex networks of biotic interactions develop (During & Van Tooren 1987). Along with the
succession of the local ecosystem, establishment may therefore become more dependent on
small, temporarily disturbed microsites. To test the effect of disturbance on establishment, I
performed a pilot experiment in 2008, in which I sowed spores of six species occurring elsewhere in the Kuinderbos on various non-colonized trench slopes, using various treatments
(undisturbed, removal of litter layer and removal of top soil layer). However, no germination was recorded for any species in any treatment. As the interpretation of this result
is ambiguous, I did not discuss the experiment in more detail in this thesis. Yet, sowing
and transplantation experiments are a valuable direction for further research, both to study
the role of potential environmental filters acting on recruitment success (Miles & Longton
1990; Wild & Gagnon 2005) and to assess whether micro-site or spore availability is most
limiting (Münzbergová & Herben 2005).
Micro-site limitation likely co-occurs with spore limitation. That is, LDD will never be
sufficient to ensure presence of spores at any spot at any moment in time. Wild & Gagnon
(2005) showed that this can even be the case in the presence of local spore sources, as within
populations of three rare calcicole ferns not all suitable microsites were occupied. However,
for three forest species sporophyte production did not differ between sites with and without
added spores, while it strongly increased when the soil was disturbed (Flinn 2007). Thus,
in these cases micro-site availability rather than spore availability limited recruitment.
Whether spore limitation plays a role will strongly depend on the life-history of the
species studied. Even in the presence of local spore sources, temporary spore limitation may
occur for species with low spore longevities. The formation of persistent spore banks differs
between species. While Flinn (2007) showed very large spore banks for her study species
(causing the redundancy of any added spores), in Chapter 7 I showed that the spore bank of
Polystichum aculeatum and Polystichum setiferum was very limited even directly underneath
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populations with 30-100 fertile sporophytes. Unless large amounts of spores are present,
spore bank size affects the outcome of interspecific competition. Furthermore, variation in
life-history traits will cause differences in establishment rates between species (Flinn 2007).
Genetic spore limitation occurs for individuals with strongly outcrossing mating systems. If
most genotypes lack the potential to self-fertilize, sporophyte establishment will be limited
by presence of genetically different spores.

The development of genetic diversity in recent, isolated habitats
Almost all fern species that colonized the Dutch polders established multiple, spatially separated populations, most of which are located in the Kuinderbos. In this thesis, I reported
the development of four of the rare calcicole species that colonized the polders, using their
Kuinderbos populations as a case study. When studying the genetic diversity of a set of
populations (or meta-population, depending on the level of migration between them), three
aspects of this diversity should be taken into account: the genetic diversity per population,
their total diversity and the partitioning of this total diversity among populations.
The genetics of small, isolated populations have received strong interest, as such populations often show relatively low levels of diversity and relatively distinct genetic compositions compared to other populations, as a result of strong genetic drift and low levels of
gene flow (Ellstrand & Elam 1993; Schaal & Leverich 1996; Young et al. 1996). Theoretical considerations predict, however, that the same patterns may already originate under
non-equilibrium conditions during colonization (Pannell & Dorken 2006). Yet, while the
theoretical framework for the development of genetic variation in isolated habitats is well
established, especially for ferns it comprises large amounts of interrelated factors (Box 1)
of which the relative influence is only partially known. This is due to various reasons.
First, dominant factors may differ between species and plant groups. Second, the dominant
mechanisms are usually inferred from population genetic studies that interpret the patterns
observed based on theoretical models. Third, such studies may have suffered from two important drawbacks: underestimation of the variation present due to the use of markers with
a relatively low resolution, and the study of relatively old populations, in which the patterns that originated during colonization may have been obscured by other processes acting
at later stages. In this thesis, I used a combination of breeding experiments (Chapter 5)
and population genetic analysis of very young populations using high-resolution markers
(Chapter 6), to identify key factors that shape genetic diversity during and shortly after
colonization in ferns.
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Box 1: Theoretical framework of mechanisms affecting the development of genetic
diversity within and among young, isolated fern populations
The development of genetic diversity in ferns during and shortly after the colonization of an isolated habitat
is affected by traits that are either imposed by the study species or the colonized habitat. The developed
patterns of diversity can be subdivided in two main aspects: the diversity within and the diversity among
populations (population differentiation). Together, these two factors determine the total diversity present in the
meta-population. Figure 8.1 shows the main factors determining the relations between species and habitat traits
and patterns in diversity. These factors (either conditions or processes) can be categorized based on the level of
organization at which they act: the regional, meta-population and population level. The main links between these
factors are described below. See main text for more detailed explanations.
Population level
The diversity within populations is affected by the mating system in force during colonization: single-spore
colonization via intragametophytic selfing may result in a homozygous founder, and thus the presence of only a
single genotype in the initial population. With time, more genotypes may arrive, either by local inter-populational
gene flow or by additional long-distance immigration (depending on the genetic diversity among arriving spores,
i.e. LDD spore rain diversity). Furthermore, population genetic diversity depends on the mixture of the allelic
variation carried by the LDD-immigrated genotypes to form new multi-locus genotypes. This strongly depends on
inbreeding rates, and thus mating systems. Whether total random mating occurs depends also on the population
size (influenced by the size of the habitat patches), as most spores end up too close to the parent sporophyte,
and gamete dispersal between gametophytes is strongly limited. Because of this limited gamete dispersal, mate
limitation may be high. This may be especially important during initial colonization, but may also play a role in
established populations, depending on the local spore production. If the local spore bank is dominated by a single
genotype, genetic mate limitation may limit options for effective outcrossing. The spore bank composition will
depend both on the arrival of LDD immigrants and the local spore production. The potential for intragametophytic
selfing, and thereby the mating system, is affected by the presence of genetic load that may result in reduced
fitness of inbred progeny (inbreeding depression). Inbreeding depression may vary with ploidy level, as the
expression of genetic load may be reduced in polyploid taxa.
Genetic drift may be particularly important when more generations have passed. Yet, as it is strongly dependent
on the population size, it may play a role if only few recruits are produced per generation and populations remain
small over generations.
Meta-population level
Depending on the rate at which spores arrive by long-distance dispersal (LDD spore rain density), multiple
spatially separated populations may establish in the local habitat (number of populations). In case population
establishment takes place via separate events of single-spore colonization following long-distance dispersal
(see main text), the initial level of genetic differentiation among populations (diversity among populations) is
determined by the diversity among the arriving spores. Afterwards, the genetic signature of colonization may
be obscured by local gene flow. This gene flow depends on the success of local dispersal between populations,
which is highly dependent on the patchiness of the local habitat and local wind speed, as well as the number of
populations from which spores may immigrate. Whether the total set of populations acts as a true meta-population
depends on the effective amount of gene flow.
Regional level
LDD spore rain density is determined by the spore production by source populations (and thus the fertility per
sporophyte) and the distance to spore sources (habitat isolation). LDD spore rain diversity is dependent on the
total variation present within the distribution range of the species, as well as the way this variation is structured
over this distributional range (large-scale phylogeography). Increasing isolation may result in a spore rain that is
built up of spores from a larger source area. Given a strong phylogeographic structure, this may result in a larger
diversity among arriving spores.
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Figure 8.1: Relevant conditions (2) and processes (7) affecting the development of genetic diversity within and
among fern populations in an isolated habitat, both during colonization and in the first decades after. Traits of the
species and habitat studied pose a first set of conditions, which together shape additional conditions and processes
at three different spatial scales in the local ecosystem. See text for an explanation of the various arrows.

Selection for selfing genotypes during long-distance colonization
Results of past breeding experiments and population genetic studies on fern species have
led to the general conclusion that a clear dichotomy exists between strongly outcrossing
diploid taxa and strongly inbreeding polyploid taxa (Masuyama & Watano 1990; Soltis &
Soltis 1990, 1992; Ranker & Geiger 2008). The emphasis on a relation between ploidy
level and the mating system in force is based on the idea that the expression of recessive
deleterious or lethal alleles (genetic load) will be reduced in taxa with polyploid genomes,
as more copies are present per locus (Masuyama & Watano 1990; see also Chapter 1). As
indicated above, in ferns the mating system can have profound consequences for establishment success, as clear outcrossers depend on the presence of a nearby mate for successful
sporophyte production. This affects reproductive success in existing populations (Chapter
2 and 7), but is also of high importance during the initial colonization of isolated habi-
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tats. Baker’s Law (Baker 1955, Stebbins 1957) states that long-distance colonization by
self-compatible organisms is more likely to be successful than by self-incompatible organisms because of their ability to produce offspring based on the arrival of a single propagule.
This hypothesis is very relevant for ferns, as some, but not all fern species, have a high potential for single-spore colonization via intragametophytic selfing. Indeed, various studies
have indicated fern species that are strong colonizers to show relatively high capacities of
intragametophytic selfing (Crist & Farrar 1983; Lott et al. 2003; Flinn 2006).
Baker’s Law may, however, also apply to differences between genotypes within species.
In line with this prediction, increased potential for self-fertilization in disjunct fern populations has been shown for at least three species (Klekowski 1972; Cousens 1979, 1981;
Crist & Farrar 1983). For most species however, the existence of intraspecific variation in
mating system, and thus the relevance of Baker’s Law, remained unknown. In Chapter 5, I
showed such variation in the four fern species studied. Moreover, Kuinderbos genotypes of
all these species showed very high selfing potential, whereas previous studies on less disjunct populations of the same species (Suter et al. 2000; Pangua et al. 2003) and mainland
genotypes included in our study showed lower rates of self-fertilization. No relation was
found between ploidy level and selfing potential, and high intragametophytic selfing was
found even for Polystichum setiferum, a diploid species previously described as an obligate
outcrosser. These results challenge the overly simple generalizations stated at the start of
this paragraph, as they suggest that intraspecific variation in mating system is present in
diploids as well as polyploids and that genotypes with clear selfing mating systems are also
present in at least some diploid, dominantly outcrossing taxa. Population genetic analysis
(Chapter 6) strongly supported a history of single-spore colonization for most Kuinderbos
populations of all four study species, including P. setiferum. Almost all identified founder
plants were homozygous, genetic variation per population was low and (based on the loci
analyzed) various populations even consisted entirely of a single genotype. Results for one
population of P. setiferum showed, however, that population establishment by means of
intergametophytic crossing has occasionally occurred and resulted in a population with a
relatively high ratio of heterozygous individuals.
Breeding studies on additional taxa are needed to infer whether genotypes capable of
intraspecific selfing are generally present, even among diploid species considered to be
dominantly outcrossing. If this is the case, it suggests that many homosporous fern taxa,
irrespective of their ploidy level and/or dominant mating system, are able to colonize an
isolated habitat through a single spore. This would also explain the observation that a significant number of the species that colonized the new polder forests soon after their plantation
consists of diploid species, some of which were previously reported to be clear outcrossers
(Bremer 2007).
The development of genetic diversity and outcrossing within young populations
It is likely that the observed low genetic diversity in Kuinderbos populations is a more general result for fern populations in disjunct habitats. Single-spore colonization implies that
initially only a single genotype will be present in the initial population. How fast the genetic
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variation subsequently increases depends on the immigration of additional genotypes, both
by additional long-distance immigration and local spore dispersal (see below). Our results
showed that in 2009 (about 40 years after the study species first colonized the Kuinderbos
(Bremer 2007)) genetic variation was present in most, although not all populations, and
that most of this variation established through additional events of LDD rather than through
local gene flow.
At the same time, however, inbreeding rates remained high in all except two populations.
That is, genetic diversity has increased in terms of allelic variation per locus, but in terms of
number of multi-locus genotypes diversity is lower than expected under random mating, due
to a lack of recombination between the genotypes present. In isolated populations founded
by intragametophytic selfing, such a long prevalence of high inbreeding is not unexpected,
even for species that generally show more successful sporophyte production by means of
outcrossing, as long as most spores produced in the local population are still from plants of
the founding genotype. In this case, the local pool of spores and gametophytes is dominated
by individuals that are genetically identical and well capable of self-fertilization. As a result, rates of intragametophytic selfing will be high and even intergametophytic mating will
most often result in inbred offspring. When populations become older and increase in size,
possibilities for outcrossing may increase via at least three mechanisms. First, the arrival of
additional genotypes in the local spore bank will also increase genetic variation among the
local pool of gametophytes, thereby increasing the chance that intergametophytic crossing
results in heterozygous offspring. This chance will increase dramatically as soon as sporophytes with non-founder genotypes become fertile and add their spores to the local spore
bank. Second, the presence of a local pool of gametophytes strongly reduces (genetic) mate
limitation for spores of any arriving genotype with lower selfing potential, allowing them
to produce offspring. For at least two of our study species outcrossing genotypes already
have entered the Kuinderbos populations, as we found intraspecific variation in mating system among the Kuinderbos genotypes tested (Chapter 5). Third, when enough outcrossing
genotypes have mixed into the local population, superior fitness of heterozygotes may result
in a selective pressure favouring intergametophytic crossing.
Whether, and how fast population outcrossing rates and levels of genetic diversity increase in young, disjunct fern populations will depend strongly on the rate at which new
immigrants arrive, levels of genetic load among the immigrants and the local environmental
conditions (Wubs et al. 2010). In stressful environments, inbred offspring that shows a
relative reduction in fitness (inbreeding depression) is likely outcompeted by heterozygous
offspring. At longer time scales, the population genetic diversity will be determined not
only by migration and inbreeding rates, but also by the origin and extinction of alleles by
mutation, selection and genetic drift (e.g. Hedrick 2011). The measure of this time scale
will depend largely on the generation time of the study species.
Partitioning of genetic diversity among young, isolated populations
As shown in Chapter 6, most of the Kuinderbos populations of all four study species likely
resulted from separate single-spore colonization events following long-distance dispersal.
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Although the associated strong founder effects resulted in low genetic variation per population, the same effect resulted in a large overall genetic diversity, because the different
founders were drawn from the pool of genotypes among long-distance immigrants rather
than from the pool of genotypes already present (Whitlock & McCauley 1999). As a result,
numbers of private alleles per population were relatively high and the total variation was
strongly partitioned among populations of all four study species (Chapter 6). These results
are consistent with general expectations for peripheral populations (Eckert et al. 2008) and
the results of previous studies on populations of polyploid rock ferns (e.g. Schneller &
Holderegger 1996, Vogel et al. 1999b,c). Our results show, however, that the same strong
population differentiation occurs across species that differ in ploidy level and dominant
mating system. Moreover, we show that differentiation among isolated fern populations can
result from their effective dispersal and broad range of mating strategies alone, instead of
necessarily being driven by patchy habitats (Pryor et al. 2001).
With time, migration amongst established populations may reduce the differentiation
imposed by colonization (Pannell & Dorken 2006). Our results indicated, however, that 40
years after the first populations established gene flow was still very limited. This will partly
be due to the low number of generations (1-4) that has passed, limiting the total number
of new recruits that might carry immigrated alleles. However, gene flow between most
populations is likely also limited by limited local dispersal, which seemed only to allow
exchange between adjacent trenches.

The fate of young, isolated fern populations
The genetic variation that develops during and after colonization and is maintained in fern
populations over time is highly relevant for their future performance. Low genetic variation
may reduce the potential of the population to adapt to local changes in the environmental
conditions by natural selection (Lande & Shannon 1996). The low genetic variation present
in the Kuinderbos populations studied and the lack of exchange between them may result in
relatively high extinction risks, both because of current climatic changes and the potential
increases in climatic variability associated. Moreover, the habitat conditions will inevitably
change with succession of the young polder forests. Szerdahelyi & Pintér (1996) described
the establishment of a fern community in a Hungarian planted pine forest very similar to
the one found in the Kuinderbos, which subsequently perished due to changes in the local
microclimate. On the other hand, strong variation is present among Kuinderbos populations
of the four study species, which increases the probability that some populations will survive
changes in habitat and climatic conditions. A genetically variable set of populations may be
maintained, as long as future events of long-distance colonization result in the establishment
of additional populations and the replacement of lost populations (Whitlock & McCauley
1999). This scenario seems not unlikely for the four rock ferns studied, given their proven
ability to maintain a widespread European distribution despite of their ephemeral, patchy
and locally rare habitats (Vogel et al. 1999c).
A low genetic variation can, however, also have other negative effects on population per-
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formance. Loss of genotypic richness and phenotypic dissimilarity has been found to reduce
population growth rates, due to a loss of additive and/or interactive effects among genotypes
(Ellers et al. 2011). Furthermore, loss of genetic variation may result in inbreeding depression within populations. This may be expressed as early inbreeding depression, in the form
of unsuccessful self-fertilization (low viability of inbred zygotes; Klekowski 1979) and thus
lower fertilization success, or as late inbreeding depression: reduced fitness of inbred sporophytes and/or limited fertility due to reduced production of viable spores (Picó 2004; Galán
& Prada 2011). The effects of inbreeding depression may strongly affect the population dynamics of plant populations, and thereby population growth rates (Picó 2004). Whether low
genetic variation in a population results in inbreeding depression depends on the presence
and expression of genetic load in the genotypes present. As indicated above, both have been
suggested to differ strongly between species in general and between diploid and polyploid
species in particular (Soltis & Soltis 1990; Masuyama & Watano 1990). As a result, the
life-history and population dynamics of fern species with different ploidy level may vary.
As a first test of this expectation, in Chapter 7 I investigated the demography of two closely
related ferns, which differ in ploidy level: the allopolyploid Polystichum aculeatum and one
of its diploid progenitors, P. setiferum. This choice was based on a study by Pangua et
al. (2003), who reported an obligatory outcrossing mating system in P. setiferum and an inbreeding mating system in P. aculeatum, as well as higher spore viability in P. aculeatum. In
the Kuinderbos, both species showed considerable germination and sporophyte production
within their populations, indicating the presence of sufficient safe sites for recruitment. Yet,
in line with the expectation raised above, germination, fertilization success and the growth
rate of young sporophytes were all significantly higher for the polyploid species. In total,
this resulted in a clear difference in recruitment rates between the two species, which turned
out to be highly relevant for the species’ relative population dynamics, as matrix modelling
showed that the higher recruitment rates of P. aculeatum resulted in a much higher population growth rate. Although breeding experiments (Chapter 5) and population genetic
analysis (Chapter 6) indicated that Kuinderbos genotypes of both species are capable of
self-fertilization when necessary, the results of Chapter 7 indicate that a certain genetic
load may still be present in the diploid species and may limit the performance of inbred
populations resulting from single-spore establishment. These results also provide a first indication that differences in ploidy level might strongly affect the population dynamics of
ferns, as has been found for angiosperms (Münzbergová 2007). Demographic studies on
more species pairs, preferably involving also autopolyploids, are necessary to confirm the
generality of this finding.
In addition to mating systems and levels of genetic load, many more life-history and
morphological characteristics may affect the population dynamics of ferns. These effects
have rarely been studied, but might have unexpected consequences for the relative performance of fern populations under varying environmental conditions, and thereby potentially
for species distributions (Dahlgren & Ehrlén 2011). This is illustrated by year-to-year variation in the demography of the two polystichoid ferns (Chapter 7). Due to its thicker fronds,
P. aculeatum generally is able to maintain its fronds throughout winter, while most fronds
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of P. setiferum die during somewhat harsher winters. Bremer (1995) suggested that this
difference might explain sudden population declines of P. setiferum in the Netherlands, as
well as the more northern range limit of P. aculeatum. However, our results showed that
an extremely harsh winter caused a much stronger decline in population growth rate for
P. aculeatum, resulting in an equally low population growth rate for both species under
such conditions. The relative success of P. aculeatum in northern Europe might be due to
a larger potential to recover from harsh winter via a relatively high recruitment rate during
favourable years, rather than to its phenology and morphology being better suited to harsh
winters. Our results show that fern population dynamics may strongly vary with climatic
fluctuations, and that population models can be a valuable tool to predict fern population
viabilities under varying conditions. This will improve our understanding of the possible
effects of global change on fern species distributions.

The bigger picture: differences in key factors for diversity establishment
between plant groups
Some life-history traits of ferns resemble those of mosses, while others resemble those of
seed plants. This is also true for various important traits affecting the success of dispersal
and establishment and results in a unique set of dominant factors affecting fern diversity
after colonization.
As indicated above, the diversity among arriving spores is the first, and most important
determinant of diversity development in newly created habitats, especially if a local diaspore bank is absent. This diversity can be expected to be higher in ferns and mosses than
in seed plants. These plant groups produce much larger numbers of much smaller, diaspores, although some wind-dispersed seed plants also produce large numbers of tiny seeds
(e.g. Monotropa (Ericaceae) and most orchids). Cryptogams are generally wind-dispersed
and have higher dispersal capacities. Therefore, the degree of habitat isolation (in terms of
likelihood of diaspore arrival) increases more slowly with distance from the nearest source
plants than in seed plants. This results in a higher probability for the arrival of rare species.
Moreover, larger variation in dispersability exists among seed plants, due to their large variation in seed size, seed attributes and dispersal vectors. Compared to seed plants, in ferns
and mosses the inter- and intraspecific diversity among immigrants might be more dependent on trait-neutral processes (regional abundance) instead of trait differences. However,
spore sizes do differ among cryptogams, which result in some differences in dispersability. Spore sizes range from 5-200 µm in mosses and 30-100 µm in ferns (During 1979;
Wolf et al. 2001) and the effects of spore size on probable dispersal distances change most
drastically around 20 µm (Schmidt 1918). Furthermore, the number of spores produced per
adult plant varies enormously between species (During 1979; Wolf et al. 2001). Additional
variation in spore arrival frequencies results from differences in spore release heights, habitat differences (uplift by passing airflows may occur more regularly in grasslands than in
forests; Wolf et al. 2001) and variation in survival rates during transport at high altitudes
(Van Zanten 1978).
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Because of their small sizes, diaspores of ferns and mosses carry less resources than
those of most seed plants. As a result, germination and initial establishment depend more
on local nutrient availability and acquisition. In combination with their easy dispersal, this
has led to the prediction that in ferns and mosses colonization is more strongly limited by
the availability of suitable sites for establishment than in most seed plants. The results of
this thesis (Chapter 3) support this prediction. Habitat availability will certainly limit the
occurrence of the rare ferns in The Netherlands, many of which are essentially rock ferns
for which the steep and/or calcareous rocky substrates they prefer are simply lacking. Their
successful colonization of all kinds of old walls (Maes & Bakker 2002) and street drains
(De Winter 2007) in urban areas supports the idea that where a suitable habitat is available
colonization is a matter of time. Unlike for many seed plants (Brederveld et al. 2011), conservation efforts for (rare) ferns may need to focus on the preservation of rare, high-quality
habitats (e.g. Cleavitt 2005), rather than on preventing isolation between habitats. Allowing migration between populations is important, as it will raise levels of genetic variation,
but will be difficult to accomplish, especially in forests (Chapter 6). Keeping the regional
abundance of suitable patches as high as possible may be more worthwhile.
Ferns also resemble mosses in the fact that after dispersal and germination their diaspores result in small, haploid gametophytes. At the same time in ferns, like in seed plants,
the sporophyte represents the dominant, long-lived generation, which is produced only after
successful gamete dispersal and fertilization (except in apomictic species). This trait combination results in a situation in which the establishment of a resistant, long-lived plant depends on the successful fertilization of the delicate, haploid gametophyte. This has various
consequences for dominant selective pressures during (long-distance) colonization. First,
selection for self-fertilization, as was suggested for the fern species studied in Chapter 5,
may be more common in ferns than in either of the two other plant groups, as fertilization
must occur within a limited time span and mate limitation is high. Intragametophytic selfing in ferns results in more severe inbreeding than is possible via sexual reproduction in
seed plants, and as a result population establishment via self-fertilization initially results in
very low levels of genetic variation, as shown in Chapter 6. On the other hand, inbreeding depression can result in a selective pressure on mechanisms that promote outcrossing,
which are indeed present in the form of antheridiogens and specialized ontogenetical and
morphological features of gametophytes (e.g. Raghavan 1989). Even stronger than seed
plants (Lande & Schemske 1996), ferns thus may experience opposing selective pressures
on mating strategies, which could be expected to result in a dichotomy of selfing and outcrossing species (Soltis & Soltis 1992). In this respect, our finding of intraspecific variation
in mating system in four different temperate fern species (Chapter 5) is very relevant for
the understanding of fern evolutionary biology and species differences in colonization potential. If similar intraspecific variation is more generally present among temperate ferns,
this would mean that mating systems are more relevant for the genetic diversity than for the
species diversity developing after colonization at a site, and that we have to be very cautious
when drawing conclusions about the colonization potential of fern species purely based on
assessments of their dominant mating systems.
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Global changes, including the destruction and fragmentation of landscapes, currently
result in strong declines in both inter- and intraspecific levels of biodiversity (species and
genetic diversity). Conservation efforts focus both on maintaining diversity in protected
areas and developing new diversity in restored or newly created areas. In either case, immigration is of vital importance, as it allows the (re-)colonization by species of empty and
disconnected patches and the maintenance of genetic diversity in small populations by interpopulation migration. Because of habitat fragmentation, migration events increasingly depend on long-distance dispersal (LDD). Theoretical models predict that increasing habitat
isolation may have large effects on inter- and intraspecific variation. Unfortunately experimental evidence is very limited, for seed plants and even more so for ferns. The frequency
of LDD-mediated immigration in ferns, the variation in this frequency with respect to their
biology (life-history traits) and geography (distance from source), and the effects of longdistance colonization on local levels and patterns in species and genetic diversity remain
largely unknown. This is due to the fact that the dispersal ecology, demography and population genetics of ferns all remain highly understudied. Previous studies have identified a
variety of factors that influence fern long-distance colonization, but quantification of their
relative influence has rarely been attempted. This study started to determine the impact of
variation in life-history traits of known importance for long-distance colonization, in particular dispersal capacity and breeding strategy, on patterns of diversity in isolated habitats,
both within and between fern species. I investigated fern communities in young forests
planted on a former sea-bottom (the Dutch IJsselmeer-polders, created between 1940 and
1960). As the drained sea-bottom soils probably contained few if any viable diaspores, these
polder areas functioned as large diaspore traps, which yielded an excellent opportunity to
study rates and patterns of colonization. By now, a large number of (rare) fern species has
established in one or more of these forests.
In Chapter 2, I present a novel method for molecular identification of fern specimens
by means of DNA barcoding, in order to assess species compositions based on young fern
sporophytes and gametophytes, for which morphological identification is often impossible.
DNA barcoding makes use of variation at one or more short sequence tags to differentiate
between species. Because this method requires only small amounts of plant material, it
provides a very useful tool to identify gametophytes. However, the agreed-on DNA barcode for land plants does not function properly for ferns. We developed a new two-locus
chloroplast-based barcode, consisting of the coding locus rbcL and the noncoding locus
trnL-F. To test the performance of this new barcode a regional approach was adopted, by
creating a reference database of trusted sequences for the wild-occurring homosporous ferns
of NW-Europe. A combination of parsimony analyses and distance-based analyses showed
that the rbcL + trnL-F barcode has a very high discriminatory power at both the genus and
species level.
In Chapter 3, DNA-barcoding was applied to investigate the species composition of
soil spore banks from two different habitats types in four polder forests. In order to improve
estimates of the frequency of spore arrival of fern species by short- and long-distance dispersal, I assessed to what extent a large and diverse spore bank has been built up in soils of
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the young polder forests. Our results showed that a large spore bank is already present and
contains a considerable species diversity, including a number of rare species that must have
arrived by long-distance dispersal. Data from long-term floristic inventories were used to
compare the above- and belowground species composition and diversity across forests and
habitats. Several of the rare species found belowground did not occur in the local understory.
Moreover, ratios between above- and belowground diversity differed between habitats, but
were consistent across forests. These results indicate that the arriving spore rain is diverse,
and regularly contain spores of species of which the nearest spore sources are far away.
Habitat availability, rather than dispersal, seems to limit species diversity at the scale of
forests, even when these are isolated or of recent origin. Within suitable patches, spore and
habitat availability may be co-limiting, as establishment depends on small and temporary
windows of opportunity.
In Chapter 4, I describe the development of high-resolution molecular markers (microsatellites or SSRs) for four calcicole rock ferns that are rare in the Netherlands, but
established several populations in the polder forests. This set of species, comprising two
pairs of congeners that both consisted of a diploid and an allotetraploid, was selected for
more detailed investigations on their mating systems, population genetics and population
dynamics.
In Chapter 5, I assess the inter- and intraspecific variation in mating system present
in the four study species. In a lab-based breeding experiment, sporophyte production was
determined for gametophytes of several genotypes per species, that were cultured both in
isolation and paired with a genetically distinct gametophyte. We showed that capacities for
self-fertilization did not significantly differ between diploids and polyploids. Rather, selfing
capacity differed between genotypes within species. Intraspecific variation in mating system was found in all four species. These results suggest that intraspecific variation in mating
system may be common, at least among temperate calcicole ferns, and that genotypes with
high selfing capacity may be present among polyploid as well as diploid ferns. This is a surprising result, as various past studies indicated that diploid ferns generally suffer more from
inbreeding depression than polyploid species and may show less successful self-fertilization
and/or higher fitness of surviving inbred progeny. However, very high selfing capacity was
shown for all Kuinderbos genotypes tested across species. We suggest that this might be
due to the isolated position of these populations, as single-spore establishment following
long-distance dispersal may have resulted selection for selfing genotypes (a phenomenon
known as Baker’s Law), and that this scenario may generally occur during long-distance
colonization in ferns.
In Chapter 6, I describe the results of microsatellite-based population genetic analyses
for Kuinderbos populations of the four study species. Comparison with genotyping data
from samples gathered from populations throughout the Netherlands and Europe indicated
that a large part of the Dutch and European allelic variation in the study species is already
present in the Kuinderbos, indicating that dense and diverse spore rains reach this isolated
habitat patch. Genetic diversity was however strongly partitioned among populations for all
species. All analyses consistently supported our expectation that most Kuinderbos popu-
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lations resulted from separate events of single-spore establishment following long-distance
dispersal, independent of their ploidy level or dominant mating system.
In Chapter 7, I describe the results of a 2.5-year demographic study of populations of
one of the species pairs: the allotetraploid Polystichum aculeatum and one of its diploid
progenitors, Polystichum setiferum. Regular gametophyte and sporophyte recruitment was
shown within Kuinderbos populations of both species. Germination, fertilization and growth
of juvenile sporophytes were, however, significantly higher for the tetraploid. This result is
in line with the differences expected between diploid and polyploid ferns, and indicates that
even when a species is capable of colonization via self-fertilization (as shown in Chapter
5 and 6) a certain genetic load may be expressed at a later stage in the inbred populations.
Using matrix modelling, we show that the higher reproduction of P. aculeatum resulted in
a much higher population growth rate during the period studied. Additionally, we found
that P. aculeatum, in spite of its more winter-hard fronds, temporarily lost its high population growth rate after a very harsh winter. This indicates that the relative effects of climatic
variation on the population dynamics of fern species might be different from those expected
on the basis of their phenology and morphology, and shows a need for more (model-based)
studies of the potential effects of climatic changes on the dynamics and viability of fern
populations.
In Chapter 8, I combine the key results of the previous chapters, and conclude that:
1)long-distance dispersal seems sufficiently common in many species to allow the regular
arrival of genetically diverse spores even in isolated habitats; 2) as a result, habitat availability rather than dispersal may limit fern species diversities at large scales; 3) at small
scales, patterns in species and genetic compositions may depend on a combination of plant
life-history and habitat traits that determine establishment, resulting in a co-limitation between spore and micro-site availability; 4) single-spore establishment during long-distance
colonization in ferns may result in selection for selfing genotypes and strong spatial genetic structure in isolated habitats; 5) population dynamics and demographic sensitivity to
climatic variation may strongly vary between highly related fern species.
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Als gevolg van klimaatsverandering en de vernietiging en fragmentatie van de natuurlijke leefgebieden van organismen staat wereldwijd de biologische diversiteit van planten
sterk onder druk. Zowel de diversiteit aan verschillende soorten (soortendiversiteit) als de
genetische diversiteit binnen soorten (genetische diversiteit) neemt af. Dit is een probleem,
omdat elke soort zijn eigen rol binnen een complex ecosysteem vervult, terwijl we deze
rol vaak niet precies kennen. Behoud van zoveel mogelijk soorten is dus essentieel, niet
alleen vanwege hun esthetische waarde, maar ook voor het behoud van de diensten die
de natuur ons levert (de zogenaamde “ecosystem services”). En om soorten behouden is
ook de genetische variatie binnen deze soorten van belang, want gebrek aan variatie in een
populatie1 kan het overleven ervan bedreigen. Een gebrek aan genetisch variatie kan leiden tot inteelt, en leidt bovendien tot weinig variatie in eigenschappen tussen individuen,
waardoor de populatie minder mogelijkheden heeft om zich aan te passen aan veranderende
omstandigheden.
Veel natuurbeschermingsmaatregelen richten zich momenteel op het behoud van diversiteit. Dit kan door de diversiteit in bestaande natuurgebieden te beschermen en door de
diversiteit in herstelde of nieuw ontwikkelde natuurgebieden te verhogen. Het proces van
migratie speelt hierbij een grote rol. Om een plek waar een soort niet (meer) aanwezig is te
kunnen (her)koloniseren moeten er natuurlijk wel zaden of sporen2 van die soort arriveren.
Ook voor de uitwisseling van genetische informatie tussen bestaande populaties van een
bepaalde soort is migratie van zaden of sporen essentieel.
Doordat natuurlijke groeiplekken (habitats) steeds verder gefragmenteerd raken zijn
planten voor succesvolle migratie sterker afhankelijk van verspreiding over lange afstanden.
Op basis van theoretische modellen is te voorspellen dat een sterkere isolatie van habitats grote gevolgen voor de daar aanwezige variatie tussen en binnen soorten kan hebben.
Helaas bestaat slechts weinig experimenteel inzicht in deze gevolgen. Dit geldt voor varens
nog veel sterker dan voor zaadplanten. Juist onder de varens bevinden zich veel soorten
die in Nederland zeer zeldzaam zijn. Er is veel meer onderzoek naar de kolonisatiemogelijkheden van varens nodig om in te kunnen schatten welke natuurontwikkelingsmaatregelen
voldoende effect zullen hebben om het uitsterven van deze zeldzame soorten te kunnen
voorkomen.
Eerdere studies hebben een groot aantal verschillende factoren aangewezen, die voor
het succes van kolonisatie door varens van belang zijn, maar welk van deze factoren de
sterkste invloed hebben was tot nu toe onzeker. Er is slechts weinig bekend over de frequentie waarmee varensporen via lange-afstandsverspreiding immigreren, en hoe deze frequentie afhangt van soortseigenschappen (zoals levensstrategie en uiterlijke kenmerken) en
van aanwezige geografische patronen (de afstand tot bronpopulaties). Er is al net zo weinig
bekend over hoe de kolonisatie over lange afstanden de mate en ruimtelijke verdeling van
de variatie tussen en binnen soorten in de bereikte gebieden beı̈nvloedt.
1 Een afgebakende groep van individuen die voornamelijk onderling paren. Bij planten gaat het vaak om een
groep van individuen die relatief dicht bij elkaar groeien en daardoor in ruimtelijke zin een eenheid vormen.
2 Varens (en mossen) verspreiden zich met sporen in plaats van zaden. Het zijn heel kleine verspreidingseenheden, met maar de helft van de genetische informatie van de varenplant zelf. Zie Figuur 1.3 op bladzijde 7.
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Het doel van het WODAN-project, waaraan de vakgroep Ecologie & Biodiversiteit van
de Universiteit Utrecht in 2007 begon, is om meer kennis te vergaren over de invloed van
verschillende planteneigenschappen (life-history traits) die samenhangen met het vermogen
van een plantensoort om een nieuwe plek te koloniseren (zoals verspreidingscapaciteit en
voortplantingsstrategien) op de lokale soortendiversiteit en genetische diversiteit. Mijn promotieonderzoek maakte deel uit van dit project en richtte zich op de varens, de plantengroep
waarvoor op dit gebied zo weinig bekend is. Ik onderzocht hoe variatie binnen en tussen
varensoorten zich in de loop van de tijd in nieuw gekoloniseerde gebieden opbouwt, en hoe
zij ruimtelijk georganiseerd is. Ik bestudeerde de varens die zich in de ondergroei van de
bossen in de IJsselmeerpolders hebben gevestigd. De voormalige Zuiderzeebodem van deze
polders, die droogvielen tussen 1940 en 1970, bevatte waarschijnlijk slechts zeer weinig levende varensporen. Desondanks groeien er inmiddels talrijke bijzondere varensoorten in de
daar aangeplante bossen en daarvan zijn er een behoorlijk aantal zeer zeldzaam3 . Om de
polderbossen te bereiken moeten deze soorten zich over grote afstanden hebben verspreid,
aangezien de dichtstbijzijnde bronpopulaties ver weg liggen. Deze nieuwe varengemeenschappen bieden daarom een ideale kans voor onderzoek naar de snelheid en mechanismen
waarmee varens nieuwe gebieden koloniseren.
Om de lokale soortendiversiteit te kunnen bepalen moet je de verschillende soorten van
elkaar kunnen onderscheiden. Voor varens is dat echter geen gemakkelijke zaak. De levenscyclus van varens bestaat uit twee generaties, die vrij van elkaar leven. Een gekiemde
spore groeit op de bosbodem tot een hartvormige structuur van 1 cm2 (de gametofyt4 ) uit,
en maakt dan geslachtscellen. Na bevruchting ontstaat hieruit de grotere varenplant (de
sporofyt5 ) die je in het bos ziet. De hartvormige structuur sterft dan af. Gametofyten en
jonge varenplanten hebben onvoldoende soortspecifieke uiterlijke kenmerken om ze tot op
soort te determineren. Met behulp van DNA-barcodering is identificatie toch mogelijk. Met
die techniek identificeer je soorten door de onderlinge verschillen in de exacte lettervolgorde (sequentie) van een of meer korte DNA-fragmenten te analyseren. Het principe lijkt
enigszins op de manier waarop de barcodes van producten in de supermarkt worden gebruikt: iedere soort heeft een andere code en kan daaraan worden herkend, maar individuen
van dezelfde soort hebben grotendeels dezelfde code. Twee jaar geleden is afgesproken
om voor zo veel mogelijk landplanten dezelfde twee stukken DNA (loci) als barcode te
gebruiken. Voor varens lukt dat echter niet, omdat de lettervolgorde van een van die twee
loci niet goed af te lezen is. Daarom heb ik een alternatieve barcode ontwikkeld, geschikt
voor ecologisch varenonderzoek. In Hoofdstuk 2 beschrijf ik de ontwikkeling van deze
barcode. Om het functioneren van deze barcode te testen heb ik een referentiedatabank
met DNA-sequenties van vrijwel alle varensoorten uit noordwest Europa aangelegd. Ik kon
laten zien dat de nieuwe barcode zeer geschikt is om de soorten uit de database van elkaar
3 Een flink aantal van deze soorten komt voor op de Nederlandse rode lijst van plantensoorten: een lijst met
soorten waarvan bekend is dat ze erg zeldzaam zijn of sterk in aantal teruglopen. De meeste van deze soorten zijn
wettelijk beschermd.
4 Zie Figuur 1.3 op bladzijde 7.
5 Zie Figuur 1.3 op bladzijde 7.
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te onderscheiden.
In Hoofdstuk 3 pas ik deze nieuwe methode van DNA-barcodering toe, en kon zo de
soortendiversiteit van de sporenvoorraad in de bodem van vier verschillende polderbossen
bepalen. In elk bos vergeleek ik de bodem op twee verschillende typen habitats voor varens:
de vlakke bosbodem en de wanden van de vele drainagegreppels die in de bodems van de
polderbossen gegraven zijn. Het bleek dat zich gedurende de afgelopen decennia in elk bos
een aanzienlijke sporenvoorraad met een behoorlijke soortendiversiteit heeft opgebouwd.
De lokale vegetatie van de polderbossen is gedurende de hele periode vanaf 1980 tot nu toe
regelmatig geı̈nventariseerd, voornamelijk door dr. Piet Bremer. Met behulp van die inventarisatiegegevens en de gegevens over de sporenvoorraad kon ik de diversiteit benedenen bovengronds met elkaar te vergelijken, per habitat en per bos. De bodemmonsters bevatten sporen van een aantal zeer zeldzame soorten, die lokaal niet als varenplant in het
bos voorkomen. Die sporen moeten van populaties op grote afstand van de polders afkomstig zijn. Verder was de verhouding tussen de diversiteit in de vegetatie en in de bodem
gelijk voor elk van de vier bossen, maar verschilde sterk tussen de twee habitats: op de
greppelwanden vonden we minder soorten in de sporenvoorraad dan in de vegetatie, op de
vlakke bosbodem was de soortenrijkdom in de bodem juist hoger dan in de vegetatie. Uit
onze resultaten blijkt dat de sporenregen die de polders bereikt een diverse samenstelling
heeft en regelmatig sporen bevat die van (zeer) veraf gelegen bronpopulaties afkomstig zijn.
De beschikbaarheid van plekken met de juiste milieucondities, en niet het aankomen van
sporen, lijkt de beperkende factor voor het aantal aanwezige soorten te zijn. Op kleine
schaal (binnen een habitat die geschikt is voor volwassen planten) is vestiging slechts mogelijk op specifieke plekjes, die vaak klein en slechts tijdelijk beschikbaar zijn. Zulke plekjes ontstaan regelmatig op de steile wanden van de drainagegreppels in de polderbossen,
doordat harde regen of dierlijke activiteit de bodem verstoort en zo een onbegroeid stukje
bodem ontstaat. Het kalkrijke zand van de voormalige zeebodem dat dan aan de oppervlakte
komt vormt een geschikte groeiplaats voor kalkminnende rotsvarens, soorten die in Nederland zeer zeldzaam zijn. Door de beperkte beschikbaarheid van zulke vestigingsplekjes is
het goed mogelijk dat binnen een geschikte habitat ook de hoeveelheid beschikbare sporen
beperkend is voor de populatiegrootte (dat wil zeggen, zowel een toename in het oppervlak
dat geschikt is voor vestiging als een toename in het aantal aanwezige sporen zou ter plekke
een groter aantal planten opleveren).
Vanaf Hoofdstuk 4 richt ik me meer op de genetische diversiteit binnen varensoorten, en
spits me toe op vier kalkminnende soorten uit een van de meest soortenrijke polderbossen:
het Kuinderbos. Met deze soorten had ik bovendien twee koppels van twee leden van hetzelfde genus6 , waarbij elk koppel uit zowel een diploı̈de als een polyploı̈de soort bestond7 :
Asplenium scolopendrium (Tongvaren, diploı̈d) en Asplenium trichomanes subsp. quadrivalens (Steenbreekvaren, polyploı̈d) in het ene genus, en Polystichum setiferum (Zachte
Naaldvaren, diploı̈d) en Polystichum aculeatum (Stijve Naaldvaren, polyploı̈d) in het andere.
6 Een genus, of ’geslacht’ is een niveau in de systematische indeling van organismen: het niveau tussen ’familie’
en ’soort’ in.
7 Een diploı̈de soort heeft twee versies van elk chromosoom. Een polyploı̈de soort heeft meer dan twee versies.
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Om de genetische variatie binnen en tussen populaties te kunnen bepalen ontwikkelde
ik speciale moleculaire merkers (microsatellieten of SSR-merkers): fragmenten uit zeer
variabele delen van het DNA, die door mutaties in lengte (aantal letters) kunnen variëren,
en daardoor genetische verschillen tussen individuen kunnen aantonen, zelfs als die individuen nauw aan elkaar verwant zijn. Op deze manier is het dus mogelijk om individuen
die tot dezelfde soort behoren, maar toch een iets andere genetische samenstelling hebben
(d.w.z. verschillende genotypen), van elkaar te onderscheiden. In Hoofdstuk 4 beschrijf
ik de ontwikkeling van een aantal van zulke microsatelliet-merkers voor elk van de vier
studiesoorten. Deze merkers laten inderdaad een aanzienlijke variatie binnen Europese individuen van dezelfde soort zien. Verder is het tot op zekere hoogte mogelijk de merkers
voor verschillende soorten van hetzelfde genus te gebruiken.
In Hoofdstuk 5 beschrijf ik de variatie in voortplantingsstrategie binnen en tussen
de vier studiesoorten: richten de planten zich vooral op kruis- of zelfbevruchting? In
een kruisingsproef, uitgevoerd onder gecontroleerde omstandigheden in een klimaatkamer,
testte ik de ontwikkeling van varenplanten op gametofyten. Hierbij vergeleek ik voor elke
soort meerdere planten met een verschillende genetische samenstelling (verschillende genotypen). Deze genotypen onderscheidde ik met behulp van de microsatelliet-merkers. Om
na te gaan in hoeverre zelfbevruchting succesrijk was, en of de mogelijkheid tot kruisbevruchting de ontwikkeling van varenplanten bevorderde, werden sommige gametofyten
individueel in een petrischaal geplaatst en werden anderen samen met een gametofyt van
een ander genotype in een schaal geplaatst. Omdat de gametofyt haploı̈d is8 , bevatten de
geslachtscellen die een gametofyt van een diploı̈dë soort produceerde allemaal dezelfde versie van elk chromosoom, en resulteert zelfbevruchting op de gametofyt per definitie in een
nakomeling die voor elk gen homozygoot is. Dit betekent dat alle schadelijke recessieve
allelen9 per definitie tot uitdrukking komen. Eerder onderzoek heeft aangetoond dat polyploı̈de varensoorten vaak beter tot zelfbevruchting in staat zijn, omdat ze minder last van de
schadelijke gevolgen van inteelt hebben: hoe meer kopien er van elk chromosoom zijn hoe
minder snel nadelige of dodelijke recessieve allelen tot uitdrukking komen. Ik verwachtte
dus dat ook in mijn experiment de polyplode soorten een groter vermogen tot zelfbevruchting zouden laten zien. Ik vond echter geen verschil in zelfbevruchtingscapaciteit tussen de
vier soorten, en dus ook niet tussen diploı̈de en polyploı̈de soorten. Wel bestonden binnen
elke soort sterke verschillen tussen genotypen: bij sommige genotypen was het percentage
gametofyten dat een varenplant ontwikkelde significant hoger dan bij andere genotypen, en
bij twee soorten verschilde ook de verhouding tussen zelf- en kruisbevruchting tussen genotypen. Deze resultaten suggereren dat een sterke variatie in voortplantingsstrategie binnen
varensoorten algemeen voorkomt, tenminste in Europese varens, en dat genetische varianten
8 Zie Figuur 1.3 op bladzijde X. In de haploı̈de fase van de levencyclus (d.w.z. als spore, gametofyt of geslachtscel) bevat een varen slechts de helft van het ’normale’ aantal versies van elk chromosoom. Een gametofyt
van diploı̈de soorten bevat dus slechts één versie van elk chromosoom.
9 Een allel is een bepaalde variant van een gen. Zo kan van het gen voor bloemkleur een allel bestaan voor
blauwe bloemen, en een ander allel voor paarse bloemen. Allelen kunnen dominant of recessief zijn. Een dominant
allel komt altijd tot uiting, ook al heeft een ander chromosoom van hetzelfde individu een ander allel. Recessieve
allelen komen alleen tot uiting als alle kopien van hetzelfde chromosoom ditzelfde allel bevatten.
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met een duidelijk vermogen tot zelfbevruchting in zowel polyplode als diploı̈de soorten kunnen voorkomen. Vooral de genotypen uit het Kuinderbos vertoonden, vergeleken met genotypen van elders en vergeleken met de resultaten van eerdere experimenten aan dezelfde
soorten door andere onderzoekers, een zeer groot vermogen tot zelfbevruchting. Ik wijt dit
verschil aan de sterk gesoleerde positie van de Kuinderbos-populaties: bronpopulaties van
alle vier soorten lagen op grote afstand. Waarschijnlijk waren er hierdoor tijdens kolonisatie
zo weinig andere sporen aanwezig, dat er een zeer sterke selectiedruk op het vermogen
tot zelfbevruchting stond. Dit fenomeen van harde selectie voor zelfbevruchters na langeafstandsverspreiding staat bekend als “de wet van Baker”. Onze resultaten suggereren dat
deze wet tijdens de kolonisatie van gesoleerde habitats door varens een belangrijke rol
speelt. Dit heeft duidelijke gevolgen voor de genetische variatie van populaties in zulke
gesoleerde habitats.
In Hoofdstuk 6 beschrijf ik de resultaten van een populatiegenetische studie aan de vier
studiesoorten, aan de hand van populaties in het Kuinderbos. Per soort bepaalde ik met
behulp van microsatelliet-merkers de hoeveelheid genetische variatie (het aantal verschillende allelen) per populatie en in de Kuinderbos-populaties gezamenlijk en analyseerde ik
de verdeling van deze variatie over de populaties. Ook vergeleek ik de variatie in het Kuinderbos met de totale variatie per soort die ik vond op basis van plantenmonsters uit heel
noordwest Europa. Bij elk van de vier soorten bleek een groot deel van de totale genetische
variatie in Europa ook al in het Kuinderbos aanwezig te zijn. Dit geeft aan dat zelfs dit
bos, dat op basis van de afstand tot bronpopulaties met sporen van deze soorten toch als een
zeer gesoleerd groeigebied moet worden aangemerkt, een aanzienlijke en genetisch diverse
sporenregen ontvangt. De hoge genetische variatie in het Kuinderbos was vooral een gevolg
van het feit dat bijna elke populatie andere allelen bevatte. De variatie in elke populatie
afzonderlijk was juist heel erg laag. In sommige populaties hadden zelfs alle bemonsterde
planten hetzelfde genotype. Dit patroon van sterke ruimtelijke groepering van variatie werd
bij alle vier soorten gevonden, onafhankelijk van hun verschillen in ploı̈die-niveau. Dit
resultaat klopt met de hierboven beschreven theorie dat de meeste populaties in het Kuinderbos het gevolg zijn van losse kolonisatiegebeurtenissen, waarbij telkens een enkele spore
na lange-afstandsverspreiding binnenwaaide en via zelfbevruchting een populatie vestigde.
De genetische analyses wezen uit dat er in vrijwel alle populaties sterke inteelt is opgetreden, en dat tot nu toe weinig uitwisseling van genetische informatie tussen populaties heeft
plaatsgevonden.
In Hoofdstuk 7 richt ik me op de demografische aspecten van jonge varenpopulaties.
Ik beschrijf de resultaten van een 2,5-jarige studie van de populatiedynamiek10 van een van
de twee soortenkoppels uit de vorige hoofdstukken: de polyploı̈de soort Polystichum aculeatum en n van diens diploı̈de voorouders11 , Polystichum setiferum. In populaties van
beide soorten trad regelmatige verjonging op: er was gedurende het hele jaar een aanzien10 De manier waarop alle processen die spelen in een populatie (verjonging, groei, sterfte, etc.) de structuur en
groei van de populatie bepalen.
11 De polyploı̈de soort P. aculeatum is ontstaan doordat twee verschillende diplode soorten met elkaar kruisten,
en via een hybride-plant een nieuwe soort ontstond die de genetische informatie van deze beide soorten bevatte (en
dus de dubbele hoeveelheid DNA).
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lijke aanwas van nieuwe gametofyten en sporofyten. Toch was er bij de polyploı̈de soort
significant meer kieming (aantal nieuwe gametofyten per tijdseenheid) en bevruchting (aantal nieuwe sporofyten gedeeld door het aantal aanwezige gametofyten per tijdseenheid) dan
bij de diplode soort. Ook groeiden jonge sporofyten van de polyploı̈de soort aanmerkelijk
sneller. Deze resultaten zijn, in tegenstelling tot die van de hoofdstukken 5 en 6, wel in
overeenstemming met de verwachting dat polyplode soorten minder schadelijke effecten
van inteelt ondervinden. Ook al blijkt uit hun manier van vestiging (via zelfbevruchting)
dat Kuinderbos-genotypen van de diplode soort geen dodelijke recessieve allelen meedragen, toch zijn er waarschijnlijk wel degelijk allelen aanwezig die enigszins schadelijk zijn,
en die in de sterk zelfbevruchtende populaties in het Kuinderbos het functioneren van de
planten negatief beı̈nvloeden. Door modellen van de populatiedynamiek van beide soorten
te maken konden we laten zien dat de groeisnelheid van de populaties van P. aculeatum veel
hoger was dan die van P. setiferum en dat dit voornamelijk aan de hogere voortplantingssnelheid te danken was. Verder konden we, door de resultaten voor twee jaren met een sterk
verschil in de strengheid van de winter (aantal vorstdagen) te vergelijken, laten zien dat de
twee soorten sterk verschilden in de reactie van hun populatiedynamiek op klimatologische
verschillen. Verrassend was, dat de soort met meer vorstbestendige bladeren, P. aculeatum,
het meest onder strenge vorst te lijden had. Dit uitte zich in een hogere sterfte van varenplanten, minder groei en minder reproductie. Hierdoor ging de veel sterkere populatiegroei,
die P. aculeatum gedurende het jaar met een normale winter vertoonde, in het jaar met de
strenge winter geheel verloren. Voor beide soorten suggereerden de modellen onder strenge
wintercondities een lichte krimp in het aantal individuen per populatie. Deze resultaten
laten zien dat de gevoeligheid van de populatiedynamiek voor klimatologische veranderingen sterk tussen zeer verwante varensoorten kan verschillen en behoorlijk andere gevolgen
kan hebben dan je op basis van hun uiterlijke kenmerken en hun fenologie (seizoensgebonden eigenschappen, zoals het aanmaken en afsterven van bladeren) zou verwachten. Dit
toont het nut van het gebruik van populatiemodellen aan voor het onderzoeken van de mogelijke gevolgen van klimaatsverandering voor het lokale functioneren van varenpopulaties
en voor het verklaren van veranderingen in het verspreidingsgebied van varensoorten.
In Hoofdstuk 8 concludeer ik, op basis van een synthese van de resultaten van mijn
proefschift, dat:
1) verspreiding over lange afstanden bij veel varensoorten voldoende algemeen lijkt te zijn
om een regelmatige aanvoer van genetisch verschillende sporen te garanderen, zelfs naar
relatief gesoleerde gebieden; 2) de beschikbaarheid van habitats met de juiste milieucondities, meer dan verspreidingsmogelijkheden, de lokale diversiteit in varensoorten beperkt,
tenminste op de schaal van een bos of natuurgebied; 3) op kleine schaal (binnen een habitat) het aantal en de ruimtelijke verdeling van soorten en genotypen door een combinatie
van planteneigenschappen en habitateigenschappen worden bepaald, en dat daardoor de
beschikbaarheid van sporen en microhabitat voor vestiging gezamenlijk beperkend zijn voor
de diversiteit ter plekke; 4) de kolonisatie van gesoleerde habitats, door middel van vestiging via enkele sporen, tot een sterke selectie voor zelfbevruchtende genotypen kan leiden,
en sterke ruimtelijke patronen in de verdeling van genetische variatie teweeg kan brengen;
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5) de populatiedynamiek, en de gevoeligheid van deze dynamiek voor klimaatsveranderingen, tussen nauw verwante soorten sterk kan verschillen. Deze conclusies suggereren dat de
bescherming van zeldzame varensoorten zich vooral op het behoud van voldoende locaties
met geschikte milieucondities voor vestiging zou moeten richten, meer dan op de overleving
van individuen. De verspreiding van sporen is voldoende om geschikte lokaties mettertijd
te koloniseren, ook als bronpopulaties ver weg zijn. Het blijft echter belangrijk om de afstanden tussen geschikte locaties te beperken, omdat de mechanismen die kolonisatie over
lange afstanden mogelijk maken (zoals vestiging uit een enkele spore via zelfbevruchting)
ook tot populaties met een zeer geringe genetische variatie lijken te leiden. Afhankelijk
van een aantal soortspecifieke eigenschappen (zoals ploı̈die-niveau en voortplantingsstrategie), kan dit inteelteffecten tot gevolg hebben, die schadelijk zijn voor het functioneren van
populaties. Dit beperkt de kans dat de soort lokaal weet te overleven.
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Münzbergová Z, Herben T. 2005. Seed, dispersal, microsite, habitat and recruitment limitation:
identification of terms and concepts in studies of limitations. Oecologia 145: 1-8.
Mütter H, Birks HJB, Odland A. 1998. The comparative ecology of Polystichum aculeatum, P.
braunii, and P. lonchitis in Hordaland, western Norway. Nordic Journal of Botany 18: 267-288.
Myers JA, Harms KE. 2011. Seed arrival and ecological filters interact to assemble high-diversity
plant communities. Ecology 92: 676-686.
Nathan R. 2001. Dispersal biogeography. In: Levin SA (ed.). Encyclopaedia of biodiversity,
Volume 2. pp. 127-152. San Diego: Academic Press.
Nathan R. 2006. Long-distance dispersal of plants. Science 313: 796-788.
Nathan R, Muller-Landau HC. 2000. Spatial patterns of seed dispersal, their determinants and
consequences for recruitment. Trends in Ecology and Evolution 15: 278-285.
Nei M. 1973. Analysis of gene diversity in subdivided populations. Proceedings of the National
Academy of Sciences, USA 70: 3321-3323.
Nei M. 1987. Molecular Evolutionary Genetics. New York: Columbia University Press.
Nei M, Chesser RK. 1983. Estimation of fixation indices and gene diversities. Annals of Human
Genetics 47: 253-259.
Newmaster SG, Fazekas AJ, Ragupathy S. 2006. DNA barcoding in land plants: evaluation of
rbcL in a multigene tiered approach. Canadian Journal Botany 84: 335-341.
Nordal I. 1987. Tabula rasa after all? Botanical evidence for ice-free refugia in Scandinavia reviewed. Journal of Biogeography 14: 377-388.
Odland A. 1998. Size and reproduction of Thelypteris lirnbosperma and Athyrium distentifolium
along environmental gradients in Western Norway. Nordic Journal of Botany 18: 311-321.
Økland RH, Rydgren K, Økland T. 2003. Plant species composition in boreal spruce swamp
forests: closed doors and windows of opportunity. Ecology 84: 1909-1919.
Ouborg NJ, Piquot Y, Van Groenendaal JM. 1999. Population genetics, molecular markers and
the study of dispersal in plants. Journal of Ecology 87 : 551-568.
Ovcharenko I, Loots GG. 2003. Finding the needle in the haystack: computational strategies for
discovering regulatory sequences in genomes. Current Genomics 4: 557-568.
Ovcharenko I, Loots GG, Hardison RC, Miller W, Stubbs L. 2004. zPicture: Dynamic alignment
and visualization tool for analyzing conservation profiles. Genome Research 14: 472-477.
Page CN. 1979. Experimental aspects of fern ecology. In: Dyer AF (ed.). The experimental biology
of ferns. pp. 552-590. London: Academic Press.
Page CN. 1997. The ferns of Britain and Ireland. 2nd edition. Cambridge: Cambridge University
Press.
Pálsson S. 2004. Isolation by distance, based on microsatellite data, tested with spatial autocorrelation (SPAIDA) and assignment test (SPASSIGN). Molecular Ecology Notes 4: 143-145.
Pangua E, Quintanilla LG, Sancho A, Pajarón S. 2003. A comparative study of the gametophytic
generation in the Poystichum aculeatum Group (Pteridophyta). International Journal of Plant
Sciences 164: 295-303.
Pannell JR, Dorken ME. 2006. Colonization as a common denominator in plant metapopulations
and range expansions: effects on genetic diversity and sexual systems. Landscape Ecology 21:
837-848.
Peck JH, Peck CJ, Farrar DR. 1990. Influences of life history attributes on formation of local and
distant fern populations. American Fern Journal 80: 126-142.
Penrod KA, McCormick LH. 1996. Abundance of viable hay-scented fern spores germinated from
hardwood forest soils at various distances from a source. American Fern Journal 86: 69-79.

Literature cited

167

Perrie L, Brownsey P. 2007. Molecular evidence for long-distance dispersal in the New Zealand
pteridophyte flora. Journal of Biogeography 34: 2028-2038.
Perrie LR, Ohlsen DJ, Shepherd LD, Garrett M, Brownsey PJ, Bayly MJ. 2010. Tasmanian and
Victorian populations of the fern Asplenium hookerianum result from independent dispersal from
New Zealand. Australian Systematic Botany 23: 387-392.
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Appendix I: Additional information about the rbcL and trnL-F sequences in the DNA barcoding
database (Chapter 2). Sequence origin (O = sequenced by authors in previous studies, G = downloaded
from Genbank, N = sequenced for this study), voucher information (herbarium, collection number.
EB = Ecology & Biodiversity Group, Utrecht University voucher collection), collector, publication
information and Genbank accession numbers of the rbcL and trnL-F sequences utilized for this study.
rbcL
Taxon:
Adiantum capillus-veneris
Adiantum raddianum
Asplenium fontanum 1
Asplenium fontanum 2
Asplenium foreziense
Asplenium marinum
Asplenium officinarum 1
Asplenium officinarum 2
Asplenium onopteris 1
Asplenium onopteris 2
Asplenium ruta-muraria 1
Asplenium ruta-muraria 2
Asplenium sagittatum 2
Asplenium scolopendrium 1
Asplenium scolopendrium 3
Asplenium septentrionale 1
Asplenium septentrionale 2
Asplenium trichomanes ssp.
quadrivalens 1
Asplenium trichomanes ssp.
quadrivalens 2
Asplenium trichomanes ssp.
trichomanes
Asplenium trichomanes ssp.
inexpectans
Asplenium viride 1
Asplenium viride 3
Athyrium distentifolium
Athyrium filix-femina 1
Athyrium filix-femina 2
Blechnum spicant 1
Blechnum spicant 2
Botrychium lunaria
Botrychium matricariifolium
Cryptogramma crispa
Cyrtomium falcatum 1
Cyrtomium falcatum 2
Cyrtomium falcatum 3
Cyrtomium fortunei
Cystopteris fragilis

Origin:
G
G
O, N
O
O, N
O
O
O
O
G
O, N
O
O
O
O
O
G
G

Voucher:
PE, G.Zhang s.n.
UTC, #244
EB, #863
BM, F-3-92
EB, #920
BM, MAR-5
EB, # 707
BM
SAR, Schneider s.n.
RV8094
EB, #712
BM, RUT-16
BM, SAG-1
EB, #309
BM, SCOL-73
BM, SEPT-17
HEID
HEID

Collector:
G. Zhang
Wolf
Acock
Vogel
Bond
Vogel
Van De Riet
Vogel
Schneider
Viane
De Groot
Vogel
Vogel
De Groot
Vogel
Vogel
Schulze
Schulze

Publication:
1
2
This paper
3
This paper
3
This paper
4
5
This paper
3
3
This paper
3
3
6
6

Accession:
DQ432659
U05906
HQ676492
AF525268
HQ676493
AF240647
HQ676494
AF240643
AY300131
GU586792
HQ676495
AF525273
AF240646
HQ676496
AF240645
AF525275
AF318586
AF318595

O

BM, Q-272

Vogel

7

AY549744

G

HEID

Schulze

6

AF318594

O

BM, I-46-B04

Vogel

7

AY549743

O
G
G
O, N
G
O, N
G
G
G
O
O, N
G
G
G
O, N

BM, JCV 1334
HEID
GOET, Schuettpelz 536
EB, #306
EB, #911
TUR, Christenhusz 3871
EB, #972
VT, D.P.Little 342
KUN, LJM 059
IND
EB, #912

Vogel
Schulze
Schuettpelz
De Groot
De Groot
Christenhusz
De Groot
Little
Lu
Mitsuta
De Groot

7
6
8
This paper
9
This paper
10
11
This paper
12
13
12
This paper

AY549734
AF318593
EF463304
HQ676497
EU329032
HQ676498
AB040571
DQ849146
L40967
EF452148
HQ676499
AF537226
AY694796
AF537227
HQ676500

Appendices

Taxon:
Dryopteris aemula
Dryopteris affinis 1
Dryopteris affinis 2
Dryopteris borreri
Dryopteris carthusiana 2
Dryopteris carthusiana 3
Dryopteris dilatata 2
Dryopteris expansa
Dryopteris filix-mas 1
Dryopteris filix-mas 2
Dryopteris oreades
Dryopteris submontana
Gymnocarpium dryopteris 1
Gymnocarpium dryopteris 2
Gymnocarpium robertianum
Hymenophyllum tunbrigense
Matteuccia struthiopteris 1
Matteuccia struthiopteris 2
Onoclea sensibilis
Ophioglossum vulgatum 1
Ophioglossum vulgatum 2
Oreopteris limbosperma
Osmunda regalis 1
Osmunda regalis 2
Osmunda regalis 3
Phegopteris connectilis 1
Phegopteris connectilis 2
Polypodium cambricum
Polypodium interjectum
Polypodium vulgare 2
Polystichum aculeatum
Polystichum setiferum 1
Polystichum setiferum 2
Polystichum lonchitis 1
Polystichum lonchitis 2
Pteridium aquilinum 1
Pteridium aquilinum 2
Pteridium aquilinum 3
Pteris cretica
Thelypteris palustris 1
Thelypteris palustris 2

trnL-F
Taxon:
Adiantum capillus-veneris
Asplenium adiantum-nigrum 1
Asplenium adiantum-nigrum 2
Asplenium fontanum 1
Asplenium fontanum 2
Asplenium foreziense
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Origin:
G
O, N
G
G
G
G
G
G
O, N
G
G
O, N
G
O, N
G
G
G
G
O, N
G
O, N
G
G
G
O, N
G
O
O, N
O
O, N
O, N
G
O, N
G
O, N
O
G
G
O, N
G

Voucher:
EB, #706
COLO, 11824
COLO
COLO, 9327
COLO, 679
COLO, 7921
EB, #305
COLO, 1421
COLO
O
EB, #304
UTC, Wolf 238
EB, #472
P, Hennequin 2004-2
TI, CT1004
IND, Jensen s.n.
UTC, MBG791216
EB, #471
Muola s.n.
TUR, Christenhusz 3719
EB, #308
UC, Cranfill s.n.
BM
BM, Christenhusz 390
GOET, Schneider s.n.
EB, #303
EB, #700
VT, ex. hort.
EB, #919
VT, D.P.Little 344
EB, #908
BM, PTER-1
UTC, Wolf 237
DUKE
EB, #909
UTC, MBG810566

Collector:
De Groot
Crabbe
Vasak
Argus
Krasnobovov
Nelson
De Groot
Hogan
Vasak
BM Vogel
De Groot
Wolf
De Groot
Hennequin
Tsutsumi
Jensen
De Groot
Muola
Christenhusz
De Groot
Cranfill
Christenhusz
Schneider
De Groot
De Groot
De Groot
Little
Larssen
Vogel
Wolf
Villaret
-

Origin:
G
O, N
O, N
O, N
O
O, N

Voucher:
PE, G.Zhang s.n.
BM, ADI-35
BM, ADI-46
EB, #863
BM, F-3-92
EB, #920

Collector:
G. Zhang
Spencer
Acock
Vogel
Bond

Publication:
14
This paper
14
14
14
14
14
14
This paper
14
14
This paper
2
This paper
15
16
17
2
This paper
18
This paper
This paper
19
20
This paper
21
This paper
This paper
12
This paper
12
This paper
4
2
11
This paper
2

Publication:
1
This paper
This paper
This paper
3
This paper

Accession:
AY268881
HQ676501
AY268849
AY268847
AY268883
AY268846
AY268848
AY268844
HQ676502
AY268845
AY268850
AF240653
HQ676503
U05925
HQ676504
EU553547
AB232415
U62032
U05936
HQ676505
DQ026595
HQ676506
AB076259
AB024948
AB076258
HQ676507
AF425179
FJ825703
HQ676508
EF551065
HQ676509
HQ676510
AF537254
HQ676511
AF537247
HQ676512
AY300097
U05939
EF452170
HQ676513
U05947

Accession:
DQ432689
HQ676539
HQ676540
HQ676514
AF525239
HQ676515
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Taxon:
Asplenium marinum
Asplenium officinarum 1
Asplenium officinarum 2
Asplenium officinarum 3
Asplenium officinarum 4
Asplenium onopteris 1
Asplenium onopteris 2
Asplenium ruta-muraria 1
Asplenium ruta-muraria 2
Asplenium saggitatum 1
Asplenium saggitatum 2
Asplenium scolopendrium 1
Asplenium scolopendrium 2
Asplenium scolopendrium 3
Asplenium septentrionale 1
Asplenium trichomanes ssp.
quadrivalens 1
Asplenium trichomanes ssp.
quadrivalens 2
Asplenium trichomanes ssp.
trichomanes
Asplenium trichomanes ssp.
inexpectans
Asplenium viride 1
Asplenium viride 2
Asplenium viride 3
Athyrium distentifolium
Athyrium filix-femina 1
Athyrium filix-femina 2
Blechnum spicant 1
Blechnum spicant 2
Botrychium lunaria
Botrychium matricariifolium
Cyrtomium falcatum 1
Cyrtomium falcatum 2
Cyrtomium falcatum 3
Cyrtomium fortunei
Cystopteris fragilis
Dryopteris aemula
Dryopteris affinis 1
Dryopteris affinis 2
Dryopteris borreri
Dryopteris carthusiana 1
Dryopteris carthusiana 2
Dryopteris carthusiana 3
Dryopteris cristata
Dryopteris dilatata 1
Dryopteris dilatata 2
Dryopteris expansa
Dryopteris filix-mas 1
Dryopteris filix-mas 2
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Origin:
O
O
O
O
O
O
O, N
O, N
O
O
O
O
O
O
O
O

Voucher:
BM, MAR-5
EB, # 707
BM
BM
BM
BM, Schneider s.n.
BM, ONO-101
EB, #712
BM, RUT-16
BM
BM, SAG-1
EB, #309
BM, SCOL-73
BM
BM, SEPT-17
BM, Gilman 01185

Collector:
Vogel
Van De Riet
Vogel
Schneider
De Groot
Vogel
Vogel
Vogel
De Groot
Vogel
Vogel
Vogel
Gilman

Publication:
3
This paper
22
22
4
This paper
This paper
3
This paper
3
This paper
3
3
7

Accession:
AF240662
HQ676516
AF240658
AF516256
AF516257
AY300078
HQ676541
HQ676517
AF525242
AF240661
AF525261
HQ676518
AF525262
AF240660
AF525248
AY549870

O

BM, Q-272

Vogel

7

AY549847

O

ISC, Shaw 20

Shaw

7

AY549864

O

BM, I-88H

Vogel

7

AY549868

O
O
O
O
O, N
G
O, N
G
G
G
O, N
G
G
G
O, N
G
O, N
G
G
O, N
G
G
O, N
O, N
G
G
O, N
G

BM, 293A
BM
BM, 272C
BM, DIST-3
EB, #306
EB, #911
H, #1127661
NCU, Hauk 564
EB, #972
VT, D.P.Little 342
KUN, LJM 059
KUN, LJM 027
EB, #912
EB, #706
COLO, 11824
COLO
EB, #1317
COLO, 9327
TUR, Christenhusz 3764
EB, #1315
COLO, 679
COLO, 7921
EB, #305
COLO, 1421

Vogel
Vogel
De Groot
De Groot
Korpelainen
Hauk
De Groot
Little
Lu
Lu
De Groot
De Groot
Crabbe
Vasak
De Groot
Argus
Christenhusz
De Groot
Krasnobovov
Nelson
De Groot
Hogan

23
23
4
This paper
9
This paper
24
25
This paper
26
13
13
This paper
14
This paper
14
14
This paper
14
14
This paper
This paper
14
14
This paper
14

EF645599
AF240664
EF645603
AY300047
HQ676519
EU329076
HQ676520
EF427640
AY138430
DQ849155
HQ676521
EF177268
AY736332
AY736348
HQ676522
AY268816
HQ676523
AY268780
AY268778
HQ676524
AY268818
AY268777
HQ676525
HQ676526
AY268779
AY268775
HQ676527
AY268776
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Taxon:
Dryopteris oreades
Dryopteris submontana
Gymnocarpium dryopteris 1
Gymnocarpium robertianum
Ophioglossum vulgatum 2
Oreopteris limbosperma
Osmunda regalis 1
Osmunda regalis 2
Osmunda regalis 3
Phegopteris connectilis 1
Phegopteris connectilis 2
Polypodium cambricum
Polypodium interjectum
Polypodium vulgare 1
Polypodium vulgare 2
Polystichum aculeatum
Polystichum setiferum 1
Polystichum setiferum 2
Polystichum lonchitis 1
Polystichum lonchitis 2
Pteridium aquilinum 1
Thelypteris palustris 1
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Origin:
G
O
O, N
O, N
G
O, N
G
G
G
O, N
G
O
O, N
O, N
O
O, N
O, N
G
O, N
G
O, N
O, N

Voucher:
COLO
BM
EB, #304
EB, #472
K, Burrows 5752
TUR, Christenhusz 3719
GOET, Schwertfeger s.n.
TUR, Christenhusz 4271
EB, #308
UC, Cranfill s.n.
GOET, Schwertfeger s.n.
BM, Christenhusz 390
EB, #711
GOET, Schneider s.n.
EB, #303
EB, #700
VT, ex. hort.
EB, #919
KUN, Zika 18981
EB, #908
EB, #909

Collector:
Vasak
Vogel
De Groot
De Groot
Burrows
Christenhusz
Schwertfeger
Christenhuszv
De Groot
Cranfill
Schwertfeger
Christenhusz
De Groot
Schneider
De Groot
De Groot
De Groot
Larssen
Villaret

Publication:
14
This paper
This paper
25
This paper
27
28
28
This paper
19
20
This paper
This paper
21
This paper
This paper
26
This paper
13
This paper
This paper

Accession:
AY268781
AF240671
HQ676528
HQ676529
AY138450
HQ676530
AY651837
EF588817
EF588815
HQ676531
AF425139
FJ825689
HQ676532
HQ676533
EF551119
HQ676534
HQ676535
EF177316
HQ676536
AY736354
HQ676537
HQ676538

Literature cited in this table:
1.
2.
3.

4.

5.
6.

7.

8.
9.

10.
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Appendix II: Calculated genetic distances based on DNA barcoding database (Chapter 2). Maximal
intraspecific genetic distances, minimal interspecific genetic distances towards the nearest neighbour,
and their ratio. Data are presented for all taxa with multiple individuals in the dataset. Ratios are
calculated as maximal interspec. distance / minimal intraspec. distance. All distances are uncorrected
P-distances based on the combined rbcL and trnL-F sequence data. N = number of individuals in the
dataset.
Species
A. onopteris s.l.
A. fontanum s.l.
A. officinarum
A. ruta muraria
A. saggitatum
A. scolopendrium
A. septentrionale
A. trichomanes subsp.
inexpectans s.l.
A. viride
A. filix femina
B. spicant
D. oreades s.l.
D. carthusiana s.l.
D. dilatata
G. dryopteris
M. struthiopteris
O. vulgatum
O. regalis
P. connectilis
P. globulifera
P. vulgare
P. lonchitis
P. setiferum s.l.
P. aquilinum
T. palustris

Intraspecific distance
Max. distance
N
0.0098
4
0.0019
3
0.0096
4
0.0061
2
0.0030
2
0.0060
3
0.0010
2
0.0042
3
0.0032

3

0.0031
0.0000
0.0023
0.0013
0.0000
0.0031
0.0016
0.0000
0.0016
0.0036
0.0000
0.0000
0.0000
0.0011
0.0048
0.0075

2
2
5
4
2
2
2
2
3
2
2
2
2
3
3
2

Interspecific distance
Min. distance Nearest neighbour
0.0260
A. septentrionale
0.0252
A. septentrionale
0.0780
A. saggitatum
0.0930
A. onopteris s.l.
0.0100
A. scolopendrium
0.0100
A. saggitatum
0.0200
A. ruta-muraria
0.0055
A. trichomanes subsp.
trichomanes
0.0240
A. trichomanes subsp.
trichomanes
0.0120
A. distentifolium
0.0500
M. struthiopteris
0.0105
D. borreri
0.0077
D. dilatata
0.0040
D. expansa
0.0140
D. robertianum
0.0340
O. sensibilis
0.0970
B. lunaria
0.1300
H. tunbrigense
0.0410
O. sensibilis
0.1300
P. aquilinium
0.0180
P. cambricum
0.0153
P. setiferum s.l.
0.0153
P. lonchitis
0.0770
P. interjectum
0.0403
O. limbosperma

Ratio
2.7
13.2
8.1
15.2
3.3
1.7
20.0
1.3
7.5
3.9
∞
4.6
5.9
∞
4.5
21.3
∞
81.3
11.4
∞
∞
∞
13.9
16.0
5.4
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Appendix III: Voucher information of samples used for microsatellite marker development (Chapter
4). Per Taxon: voucher specimen code; herbarium. EB: voucher collection Ecology & Biodiversity
Group, Utrecht University.

Asplenium scolopendrium: EB#0001 − EB#0020; EB. EB#735; EB. EB#736; EB.
EB#1041; EB. EB#1051; EB. EB#1063; EB. EB#1076; EB. EB#1109; EB. EB#1394; EB.
EB#121; EB. EB#122; EB. EB#1046; EB. EB#106; EB. EB#1068; EB. EB#1107; EB.
EB#1115; EB. EB#1170; EB. EB#116; EB. EB#120; EB. EB#124; EB. EB#125; EB.
EB#126; EB. EB#127; EB. EB#167; EB. EB#162; EB. EB#1185; EB. EB#1327; EB.
EB#197; EB. EB#990; EB. EB#1003; EB. EB#180; EB. EB#186; EB. SCOL-64; BM.
SCOL-72C; BM. SCOL-73; BM. SCOL-85B; BM. SCOL- 86; BM. SCOL-101; BM. SCOL104A; BM. SCOL-168; BM. SCOL-197; BM. SCOL-206; BM.
Asplenium trichomanes ssp. quadrivalens: EB#442 − EB#461; EB. EB#399; EB.
EB#390; EB. EB#387; EB. EB#382; EB. EB#1053; EB. EB#1060; EB. EB#1061; EB.
EB#1081; EB. EB#1110; EB. EB#1117; EB. EB#437; EB. EB#427; EB. EB#422; EB.
EB#417; EB. EB#403; EB. EB#395; EB. EB#770; EB. EB#1118; EB. EB#1182; EB.
EB#1184; EB. EB#118; EB. EB#1189; EB. EB#852; EB. H-1652781; H. H-1672077; H.
Q-Ven-4; BM. Q-203; BM. Q-309; BM. Q-133; BM. Q-190; BM. Q-110; BM. Q-132; BM.
Q-113; BM. Q-111; BM. Q-112; BM. Q-114; BM. Q-67-A; BM. Q-74; BM. Q-183; BM.
Q-39; BM. Q-308; BM. Q-306; BM. Q-307; BM. Q-302; BM.
Polystichum setiferum: EB#737 − EB#758; EB. EB#354; EB. EB#759; EB. EB#1209;
EB. EB#957; EB. EB#958; EB. EB#959; EB. EB#960; EB. EB#961; EB. EB#962; EB.
EB#963; EB. EB#964; EB. EB#965; EB. EB#966; EB. EB#967; EB. EB#968; EB. EB#969;
EB. EB#970; EB. EB#971; EB. EB#1067; EB. EB#1080; EB. EB#765; EB. EB#766; EB.
EB#767; EB. EB#768; EB. EB#1191; EB. EB#2639; EB. EB#898; EB. EB#899; EB.
EB#902; EB. 11203; BR. 18748; BM. 571; BM.
Polystichum aculeatum: EB#491 EB#511; EB. EB#355; EB. EB#356; EB. EB#357; EB.
EB#365; EB. EB#366; EB. EB#367; EB. EB#372; EB. EB#373; EB. EB#374; EB#1120;
EB. EB#1669; EB. EB#761; EB. EB#762; EB. EB#763; EB. EB#764; EB. EB#891; EB.
EB#892; EB. Christenhusz-1653; BM. Christenhusz-3868; BM. 16678; BR. 14585; BR.
1593; P. 1589; P. H-1054485; H. H-1123465; H.
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Appendix IV: Localities of the populations from which samples were used as either Dutch or European ’context samples’ in the population genetic analyses (Chapter 6).
Asplenium scolopendrium
Sample nr:
Country:
The Netherlands
735
The Netherlands
736
”
1041
The Netherlands
127
The Netherlands
1109
The Netherlands
1115
The Netherlands
1394
The Netherlands
116
The Netherlands
120
The Netherlands
121
The Netherlands
122
”
1051
The Netherlands
1170
The Netherlands
124
The Netherlands
125
The Netherlands
126
The Netherlands
1063
The Netherlands
1046
The Netherlands
1107
The Netherlands
1066
The Netherlands
1068
The Netherlands
1076
The Netherlands
167
The Netherlands
162
The Netherlands
Europe
1185
Belgium
1327
France
131
France
133
Germany
149
Germany
130
Germany
134
Germany
135
”
136
Germany
138
Switserland
140
Switserland
197
Austria
145
United Kingdom
129
United Kingdom
147
United Kingdom

Province:

Locality:

Flevoland
”
Flevoland
Friesland
Groningen
Groningen
Overijssel
Noord-Holland
Noord-Holland
Noord-Holland
”
Noord-Holland
Utrecht
Utrecht
Utrecht
Utrecht
Gelderland
Gelderland
Gelderland
Zuid-Holland
Zuid-Holland
Zeeland
Limburg
Limburg

Voorsterbos
”
Jagersveld, Lelystad
Leeuwarden
Groningen
Musselkanaal
Oldenzaal
Alkmaar
Den Helder
Park ’De Wiedijk’, Amsterdam
”
Willem I Sluis, Amsterdam
Soesterberg
Kanaalweg, Utrecht
Amelisweerd, Utrecht
Zeist
Zutphen
Wageningen
Apeldoorn
Brielle
Oostvoorne
Middelburg
Schone Grub, Savelsbos
Sint Pietersberg

Luxembourg
France-Comté
Pyrénées-Orientales
Niedersaechsisches Berglands
Baden-Württemberg
Nedersaksen
Rheinland-Pfalz
”
Nedersaksen
Bern
Zürich
Oberösterreich
Cardiganshire, Wales
Shropshire, England
North Ayrshire, Scotland

Han
Oberhaslach, Cascade de Nibeck
Montbolo
Leinetal, Duringer Berg
Beuron, Obere Donau
Springe, Kleiner Deister
Bundenbach
”
Ith
Meiringen
Ramsfluh
Swartzenthal
Aberystwyth
Grinshill
Isle of Arran
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Sample nr:

Country:

Province:

Locality:

990
1003
180
186

United Kingdom
United Kingdom
Ukraine
Ukraine

Kent, England
West Sussex, England
Transcarpathia
Kamianets-Podilski

Ightham Mote, Sevenoaks
West Hoathly
Carpathian Biosphere Reserve
Podilski Tovtry National Park

Asplenium trichomanes subsp. quadrivalens
Sample nr:
Country:
Province:
The Netherlands
399
The Netherlands
390
The Netherlands
387
The Netherlands
382
The Netherlands
1053
The Netherlands
1060
The Netherlands
1061
The Netherlands
1081
The Netherlands
1110
The Netherlands
1117
The Netherlands
1188
The Netherlands
Europe
1182
Belgium
1184
Belgium
395
Luxembourg
1118
Luxembourg
422
France
427
France
944
France
1189
France
2642
France
437
Portugal
921
Italy
928
Italy
937
Hungary
417
Ukraine
403
Ukraine
1450
Slovenia
1451
Austria
1452
Austria
938
Germany
941
Germany
943
Germany

Locality:

Utrecht
Limburg
Limburg
Limburg
Noord-Holland
Friesland
Friesland
Zeeland
Groningen
Drenthe
Gelderland

Utrecht
Eckelrade
Aldenhof, Maastricht
Academieplein, Maastricht
Amsterdam
Leeuwarden
Jelsum
Middelburg
Stadskanaal
Smilde
Elburg

Luxembourg
Luxembourg
Diekirch
Echternach
Auvergne
Morvan
Pyrénées-Orientales
France-Compté
Indre
Sátão
Veneto
Genua
Fejér
Transcarpathia
Kamianets-Podilski
Kobarid
Carinthia
Niederösterreich
Nordrhein-Westfalen
Nordrhein-Westfalen
Nordrhein-Westfalen

Bouillon
Han
Diekirch
Consdorf
Royat
Les Settons
Montbolo
Xonrupt-Longemer
Aigurande
Duas Igrejas
Venice
Chiavari
Meszes-Völgy, North of Csákberény
Carpathian Biosphere Reserve
Podilski Tovtry National Park
Staro Selo
Eggen
Gloggnitz
Borchen
Horn, Bad Meinberg
Wuppertal Steinbeck
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Sample nr:

Country:

Province:

Locality:

770
852
927

United Kingdom
United Kingdom
United Kingdom

Bromley, England
Bromley, England
Cumbria, Scotland

936
1449
1179
1180

United Kingdom
United Kingdom
Sweden
Norway

Scotland
North Yorkshire
Gotland
Buskerud

Bromney Common
Hayes
Kwin
Bowness-on-Windermere
Arhoe
Goathland
Vaskinde
Hole

Province:

Locality:

Flevoland
Flevoland
Flevoland
Flevoland
”
Flevoland
Flevoland
”
”
”
Flevoland
”
”
”
Flevoland
”
”
”
Zuid-Holland
Zeeland

Bremerbergbos
Waterloopbos
Abbertsbos
Swifterbant
”
Voorsterbos, site 1
Voorsterbos, site 2
”
”
”
Voorsterbos, site 3
”
”
”
Overijsselse Hout, Lelystad
”
”
”
Brielle
Middelburg

Hainaut
Languedoc-Roussillon
Haute Savoie
Côtes-du-Nord
France-Compté
Porrentruy
Kent, England
East Sussex, England

Thuin
Quillun
St-Andre-Val-de-Fier
Lamballe
Forêt de la Bresse
Plainmont
Ightham Mote, Sevenoaks
Frant

Polystichum setiferum
Sample nr:
Country:
The Netherlands
354
The Netherlands
759
The Netherlands
1209
The Netherlands
957
The Netherlands
958
”
959
The Netherlands
960
The Netherlands
961
”
962
”
963
”
964
The Netherlands
965
”
966
”
967
”
968
The Netherlands
969
”
970
”
971
”
1067
The Netherlands
1080
The Netherlands
Europe
897
Belgium
898
France
899
France
900
France
1191
France
902
Switserland
765
United Kingdom
766
United Kingdom

Pier,
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Sample nr:

Country:

Province:

Locality:

767
768
904
905

United Kingdom
United Kingdom
United Kingdom
United Kingdom

West Sussex, England
West Sussex, England
South Essex, England
West Inverness-shir, Scotland

West Hoathly
Horsted Keynes
Brentwood
Loch Aline

Province:

Locality:

Limburg
”
”
Limburg
”
”
Limburg
”
”

Sint Pietersberg
”
”
Sjegkelder Grub, Savelsbos
”
”
Schone Grub, Savelsbos
”
”

Esch-sur-Alzette
Echternach
Liège
Namur
Haute Garonne
”
France-Compté
Haute Garonne
France-Compté
Vorarlberg
Kent, England
East Sussex, England
West Sussex, England
West Sussex, England
Argyllshire, Scotland
Oberösterreich
Hardanger
Dalsland

Tetangé
Consdorf
Pepinster
Vresse
Bagnéres-de-Luchon, Neste d’Oo
”
Gerbépal
Bagnéres-de-Luchon, Vallee du Lys
Oberhaslach, Cascade de Nibeck
Vadans
Ightham Mote, Sevenoaks
Frant
West Hoathly
Horsted Keynes
Puck’s Glenn
Wolfgangsee
Granvin
Gunnarsnäs

Polystichum aculeatum
Sample nr:
Country:
The Netherlands
355
The Netherlands
356
”
357
”
365
The Netherlands
366
”
367
”
372
The Netherlands
373
”
374
”
Europe
871
Luxembourg
1120
Luxembourg
887
Belgium
888
Belgium
889
France
890
”
891
France
892
France
1329
France
886
Austria
761
United Kingdom
762
United Kingdom
763
United Kingdom
764
United Kingdom
882
United Kingdom
1669
United Kingdom
1172
Norway
1175
Sweden
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Appendix V: Equations for calculation of spore production per plant based on field measurements of
the fertile length of all fertile fronds per plant (measured from the top of the frond). These equations
were used to estimate the reproductive vital rates ϕ1−3 in the population models of Chapter 7. Parameters were based on counts of number of sporangia per sorus (N=25) and quadratic regressions
between the cumulative number of sori and fertile frond length (N=10). Like most sexually reproductive leptosporangiate ferns, both species have 64 spores per sporangium (Roux 2000). POLA =
Polystichum aculeatum, POLS = Polystichum setiferum.
Species:
POLA

POLS

Equations:
Li = Fertile length per frond i (measured for all fertile fronds during each census)
P = Spore production / sorus = (90.6 ± 23.4 sporangia/sorus) × (64 spores/sporangium)
Spore production fertile frond i = P × (9.089 9.17 × Li + 7.506 × L2i ) *
Spore production per fertile plant = (Spore production fertile frond i)
Li = Fertile length per frond i (measured for all fertile fronds during each census)
P = Spore production per sorus = (90.6 ± 23.4 sporangia/sorus) × (64 spores/sporangium)
Spore production fertile frond i = P × (9.089 9.17 × Li + 7.506 × L2i ) **
Spore production per fertile plant = (Spore production fertile frond i)

* R2 = 0.997; ** R2 = 0.993
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Appendix VIa: Overview of vital rate values related to growth, retrogression and survival, as incorporated in the final transition matrices (Tcold and Twarm ) of the population models in Chapter 7.
POLA = Polystichum aculeatum, POLS = Polystichum setiferum.
POLA
Vital rate
Code 2008
Growth of surviving gametophytes to sporelings
γ31 0.414
Growth of surviving gametophytes to juveniles
γ31 0.065
Growth of surviving gametophytes to sub-adults
γ41 0.148
Growth of surviving gametophytes to F1-adults
γ51 0.000
Growth of surviving sporelings to juveniles
γ32 0.667
Growth of surviving sporelings to sub-adults
γ42 0.000
Growth of surviving sporelings to F1-adults
γ52 0.000
Growth of surviving juveniles to sub-adults
γ43 0.450
Growth of surviving juveniles to F1 adults
γ53 0.000
Growth of surviving sub-adults to F1-adults
γ54 0.838
Growth of surviving sub-adults to F2-adults
γ64 0.029
Growth of surviving sub-adults to F3-adults
γ74 0.015
Growth of surviving F1-adults to F2-adults
γ65 0.618
Growth of surviving F1-adults to F3-adults
γ75 0.029
Growth of surviving F2-adults to F3-adults
γ76 0.636
Retrogression of surviving juveniles to sporelings
ρ23 0.000
Retrogression of surviving sub-adults to sporelings ρ24 0.000
Retrogression of surviving sub-adults to juveniles
ρ34 0.000
Retrogression of surviving F1-adults to sub-adults ρ45 0.000
Retrogression of surviving F2-adults to F1-adults
ρ56 0.000
Retrogression of surviving F2-adults to sub-adults ρ46 0.000
Retrogression of surviving F3-adults to F2-adults
ρ67 0.000
Retrogression of surviving F3-adults to F1-adults
ρ57 0.000
Retrogression of surviving F3-adults to SA-adults
ρ47 0.000
Survival of gametophytes
σ1 0.617
Survival of sporelings
σ2 0.813
Survival of juveniles
σ3 0.949
Survival of sub-adults
σ4 0.998
Survival of F1-adults
σ5 1.000
Survival of F2-adults
σ6 1.000
Survival of F3-adults
σ7 1.000

Spring
2009
0.348
0.016
0.012
0.000
0.294
0.006
0.000
0.250
0.295
0.295
0.000
0.000
0.500
0.097
0.870
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.526
0.759
0.877
0.978
0.998
1.000
1.000

2010
0.364
0.061
0.000
0.000
0.392
0.016
0.000
0.205
0.023
0.148
0.098
0.033
0.338
0.263
0.852
0.136
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.432
0.685
0.780
0.914
0.980
0.995
1.000

POLS
Autumn
2008 2009
0.152 0.183
0.000 0.000
0.162 0.000
0.000 0.000
0.032 0.099
0.000 0.000
0.000 0.000
0.000 0.055
0.000 0.000
0.079 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.037 0.051
0.169 0.455
0.000 0.000
0.079 0.118
0.101 0.206
0.259 0.513
0.000 0.154
0.308 0.432
0.000 0.189
0.000 0.000
0.490 0.197
0.748 0.613
0.845 0.697
0.955 0.841
0.993 0.944
0.999 0.980
1.000 0.998

2008
0.392
0.000
0.078
0.000
0.143
0.000
0.000
0.462
0.154
0.500
0.250
0.000
0.000
0.000
0.053
0.000
0.000
0.000
0.227
0.053
0.000
0.050
0.100
0.000
0.971
0.777
0.801
0.849
0.925
0.970
0.992

Spring
2009
0.070
0.000
0.056
0.000
0.297
0.047
0.016
0.222
0.056
0.526
0.000
0.000
0.211
0.053
0.286
0.056
0.000
0.000
0.000
0.048
0.000
0.125
0.000
0.000
0.449
0.797
0.849
0.926
0.988
0.999
1.000

2010
0.000
0.176
0.000
0.000
0.667
0.056
0.000
0.333
0.033
0.304
0.357
0.125
0.259
0.037
0.400
0.067
0.000
0.000
0.037
0.000
0.000
0.000
0.000
0.000
0.395
0.824
0.883
0.956
0.996
1.000
1.000

Autumn
2008 2009
0.111 0.000
0.000 0.000
0.000 0.000
0.010 0.025
0.132 0.240
0.000 0.040
0.000 0.000
0.030 0.083
0.000 0.000
0.111 0.143
0.000 0.000
0.000 0.000
0.182 0.000
0.000 0.000
0.000 0.000
0.030 0.222
0.000 0.000
0.000 0.048
0.136 0.286
0.118 0.050
0.000 0.800
0.111 0.095
0.000 0.143
0.000 0.571
0.248 0.099
0.720 0.447
0.749 0.676
0.806 0.945
0.901 1.000
0.960 1.000
0.989 1.000

Appendix VIb: Overview of vital rate values related to reproductivity, as incorporated in the final
reproductive transition matrices (F) of the population models in Chapter 7. POLA = Polystichum
aculeatum, POLS = Polystichum setiferum.
Vital rate
Reproductive rate of F1-adults
Reproductive rate of F2-adults
Reproductive rate of F3-adults
Growth of germinated recruits to sporelings
Growth of germinated recruits to juveniles

Code
ϕ1
ϕ2
ϕ3
γ2F
γ3F

POLA
2008/2009
2009/2010
0.156
0.099
4.303
1.340
41.081
9.270
0.348
0.183
0.016
0.000

POLS
2008/2009
2009/2010
0.168
0.015
3.405
1.415
20.848
4.204
0.054
0.103
0.011
0.026
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Appendix VII: Results of molecular identification by DNA barcoding of gametophytes sampled from
the trench walls of the populations monitored for demographic analyses in Chapter 7. Dryopteris
filix-mas s.l. may include individuals of D. filix-mas, D. affinis and D. oreades (De Groot et al. 2011a;
Chapter 2). POLA = Polystichum aculeatum, POLS = Polystichum setiferum.

Polystichum aculeatum
Polystichum setiferum
Athyrium filix-femina
Asplenium scolopendrium
Dryopteris filix-mas s.l.
Cystopteris fragilis
Total no. of barcoded gametophytes
Percentage identified as study species

POLA
14
0
0
1
5
0
20
70%

POLS
0
6
4
0
4
3
17
35%
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Onderzoek aan de verspreiding van zeldzame varentjes. Een beetje een lastig onderwerp
om even snel uit te leggen in de kroeg, en onder mijn vrienden buiten het ecologen-wereldje
ook regelmatig goed voor een hoop lol. En zo hoort het ook, want ik heb er zelf ook vier
jaar lang enorm veel lol in gehad! Ik ben blij dat het af is, maar kijk met veel voldoening
terug op de afgelopen jaren, waarin ik een hoop heb geleerd en beleefd. De goede afloop,
en het feit dat ik er met zoveel plezier aan werkte, is vooral te danken aan de hulp en steun
van heel veel mensen om me heen.
Na twee onderzoeksstages, waarin ik onder leiding van Merel en Heinjo al geproefd had
aan het onderzoek aan verspreidings- en vestigingmechanismen, was het WODAN-project
dat werd opgestart in de toenmalige vakgroep Plantenecologie & Biodiversiteit te Utrecht
voor mij een unieke kans om verder te gaan met het type onderzoek dat ik zo leuk vond. Mijn
promotor, Marinus Werger, en co-promotoren, Heinjo During en Roy Erkens, had ik toen
al leren kennen als drie heel open en enthousiaste mensen. Marinus, Heinjo en Roy, ik wil
jullie bedanken voor alle hulp en steun gedurende de afgelopen vier jaar. Voor jullie alle drie
geldt dat ik enerzijds alle vrijheid kreeg om mijn eigen plannen te maken en uit te voeren,
terwijl jullie deur tegelijkertijd altijd open stond voor overleg en advies. Probleempjes
werden snel en effectief opgelost. Dank daarvoor! Een beter team van begeleiders had
ik me niet kunnen wensen! Marinus, je duidelijke en zeer gedegen commentaar op de
inhoud en schrijfstijl van mijn manuscripten heb ik erg gewaardeerd: het was fijn om met
een paar van jouw gerichte tips een tekst met sprongen beter te zien worden. Roy en Heinjo,
vanwege jullie deels verschillende en deels overlappende expertise kon ik met mijn vragen
altijd wel bij een van beiden terecht. Dat werkte perfect. Roy’s enthousiasme en positieve
instelling zijn erg aanstekelijk. Als je Heinjo’s kamer binnenstapt veegt hij simpelweg alle
papieren van tafel en maakt zoveel tijd als nodig is. Beide strategieën helpen enorm als het
een keertje even tegenzit.
Pieter en Feike, ook jullie bedankt voor jullie hulp met de populatiedynamica en populatiegenetica. Taaie kost, waarbij elk opgelost probleem weer drie nieuwe vragen opriep,
maar het was erg leuk om hier eindeloos op te puzzelen en over te discussiëren.
Ik ben me erg bewust van het feit dat ik het onderzoek dat ik hier presenteer nooit en
te nimmer op tijd had kunnen afronden zonder alle ondersteuning van de analisten in onze
vakgroep. Jan, Betty, Henri, Sonja en Sander: jullie hebben me allemaal vaak geholpen
bij allerlei proeven. Dank voor al die hulp! Ik besef me dat ik veel geluk heb gehad: een
aantal van jullie heeft inmiddels afscheid moeten nemen van onze groep, maar jullie hulp is
nog altijd even hard nodig Betty, dank je voor de eindeloze rijen petrischaaltjes die je hebt
doorgeworsteld op zoek naar nieuwe varensporofyten, en de eindeloze aantallen sporen die
je hebt geteld. Wat een monnikenwerk! Jan, dank voor al je hulp in het lab! Je hebt me een
hoop bijgebracht: 3,5 jaar geleden begon ik zonder enige moleculaire ervaring in ’jouw’ lab,
met de volle overtuiging me zo snel mogelijk weer uit de voeten te maken. Uiteindelijk heb
ik een groot deel van mijn tijd met moleculair labwerk doorgebracht. Sterker nog: ik wil
er graag nog wat jaartjes mee doorgaan! Een vrijdag kom je zonder twijfel het beste door
op het lab, met een hoop geouwehoer, meligheid en het meezingen met radio-muziek van
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sterk wisselende kwaliteit. Ik heb het gemist tijdens het schrijven de afgelopen maanden,
en hoop snel weer het lab in te kunnen.
Ook Bertus wil ik bedanken voor de nodige hulp met het draaiende houden van mijn computer. Fred Siesling wil ik bedanken voor alle hulp in de kassen, waar een hoop jonge
varenplantjes hun leven te danken hadden aan zijn goede zorgen.
Several students (nine in total) helped me with my research, by performing labwork,
by joining my fieldwork trips, or by performing a literature survey. Jasper Wubs, Rocio
Garcia Luque, Araceli Garcia, Chequita Bhikhi, Yunfan Liu, Suzanne Stas, Ellen Jochems,
Mariska Meijer and Irene Blotenburg: thanks for all your help! Jasper, jij was eigenlijk al
vanaf het begin meer een collega dan een student. Dank voor de eindeloze discussies: ze
hebben veel bijgedragen aan de ideeën in dit boekje. Dank ook voor de hilarische excursies:
na een paar pints de Londense metro verkennen is een aanrader, en als ik ooit nog eens rond
’t spitsuur met de auto naar hartje Brussel moet dan weet ik je te vinden!
A large part of the last four years I spend in the company of the members of the Ecology & Biodiversity Group in Utrecht. Thanks all, for your support and the nice drinks and
dinners we had together. It has been a lot of fun working in such a large and diverse group,
with people from all over the world working on many different topics. I much enjoyed our
meetings on Thursday morning and learnt a lot from your talks. I hope I included most of
you in this list: Annemarie, Baocheng, Bas, Bas, Betty, Bin, Binh, Björn, Boudewijn, Claudia, Danaë, David, Edwin, Erik, Feike, Gerrit, Gerrit, Hans, Heinjo, Henri, Huy, Jan, Jasper,
Jeroen, Joost, Jos, Judith, Juliana, Karlijn, Liang, Maria-Paula, Mariet, Marijke, Marinus,
Mario, Marloes, Merel, Niels, Olaf, Paddy, Peter, Pieter, Riks, Rob, Ronald, Roy, Sander,
Sandra, Shouli, Sonja, Sylvia, Tinde and Walter. Special thanks to my roommates (Marijke,
Shouli, Danaë, Maria-Paula, Karlijn, Jasper, Bas and Jeroen) for the nice company, for enduring my complaints about all kinds of irrelevant problems and for helping my fishes and
plants to survive my lack of attention (some of you took better care of the fishes than others,
but thanks anyway!).
Ook buiten de Universiteit Utrecht zijn er een hele hoop mensen geweest die mij hebben
geholpen met mijn onderzoek. In de eerste plaats uiteraard Piet Bremer, specialist op het
gebied van de Nederlandse varens, en met name die in de polders. Piet, dit proefschrift
bouwt op allerlei manieren voort op jouw eerdere promotieonderzoek aan de varens in de
polderbossen. Zonder de enorme bak inventarisatiedata die jij ter beschikking stelde en jouw
grote kennis van de lokale ecosystemen had ik mijn onderzoek nooit op deze manier kunnen
uitvoeren. Dank voor al je hulp en de goede discussies! De boswachters van de polderbossen
waarin ik heb mogen werken, gebieden van Staatsbosbeheer, Natuurmonumenten en Het
Flevolandschap, wil ik bedanken voor de mogelijkheid om op hun terrein onderzoek te
doen, het vertrouwen, en de goede samenwerking en informatievoorziening.
Harald Schneider, Stephen Ansell and Johannes Vogel of the Natural History Museum in
London, thanks for all your help with several of my projects over the last years. Harald,
I very much enjoyed our cooperation on a number of papers, your hospitality during my
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stays in London, your help with finding and selecting the right samples for my molecular
analyses and our discussions about nice directions for future research. I very much hope
that we can continue this work in the future. I thank Steve and Johannes for their valuable
help with allozyme analyses and the analysis of my microsatellite genotyping data.
Special thanks also to Helena Korpelainen and the other members of her research group
at the University of Helsinki. In the spring of 2009 I spend about two months in your lab
and had a fantastic time! I learned a lot about the development and interpretation of genetic
markers, and met a lot of great people! Thanks for your hospitality, your help in the lab, and
for helping me to find my way in Helsinki and Viikki. I would love to visit Finland again
soon!
Als kind van twee jeugdbonders met een grote interesse in en zorg voor de natuur verbaasde het niemand dat ik biologie ging studeren en daarna verder wilde in het ecologisch
onderzoek. De liefde voor de natuur en een onderzoekende blik op alle plantjes en beestjes
om me heen heb ik dan ook zeker van huis uit mee gekregen. Pap, mam, bedankt voor
het feit dat jullie altijd voor me klaarstaan (ook al besloot ik helemaal in Utrecht te gaan
wonen), dat jullie me in alles steunen, en voor jullie eeuwige interesse in de dingen waar
ik mee bezig ben, ook als het complexe genetica betreft. Mam, dank ook voor je kritische
kijk op mijn teksten op de momenten dat ik de spelfouten allang niet meer zag. Pap, eigenlijk had jij al een heel stuk eerder in deze tekst genoemd moeten worden, onder de noemer
technische ondersteuning. 2,5 jaar lang zijn we regelmatig drie dagen op rij samen het veld
in geweest, in weer en wind. Wat heb ik er enorm van genoten dat we dat samen konden
doen, ik keek er telkens weer naar uit! Heel erg bedankt voor al het meedenken, het leuke
en effectieve overleg als we plotseling voor verrassingen kwamen te staan in het bos, en
gewoon voor de gezelligheid. Ik heb veel van je geleerd, zoals de benodigdheden voor een
veldwerkdag: tenminste 1 krat vol met gereedschap (je weet maar nooit...) en een minstens
zo volle krat met proviand!
Grote zus, doordat ik in Utrecht zit en het druk had met dit proefschrift heb ik je veel
minder vaak gezien en gesproken dan ik graag zou willen. Misschien dat daar nu verandering in komt (niet dat jij zo vaak thuis bent tegenwoordig, maar toch ;-) ). Broertje, ooit
droomden we samen van grote avonturen en ontdekkingen. Ik maak nu m’n dromen waar,
maar wou dat jij erbij was.
Lotte, bedankt dat je het zo goed uithoudt bij een mafkees die op de gekste plekken een
varentje weet te ontdekken en er dan uren bij blijft stilstaan. Niet alleen kun je daar gelukkig
hartelijk om lachen, stiekem ken je ook al best veel soorten en vind je het regelmatig nog
leuk ook. Bedankt voor alles wat je voor me bent. Het is fijn om thuis te komen bij iemand
die oprecht geı̈nteresseerd is, maar die je ook helpt om alle wetenschappelijke problemen
even te relativeren en tijd te maken voor andere dingen. Allebei hebben we nog de nodige
plannen voor de toekomst, maar we gaan er hoe dan ook samen wat moois van maken!
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